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In nature, Agrobacterium tumefaciens can transfer its T-DNA 
generated from Ti plasmid into plant cells. In laboratory conditions, A. 
tumefaciens can also transform T-DNA into yeast and other eukaryote cells. 
Molecular mechanisms of the transformation process inside the bacteria 
have been established and many host factors, genes involved in 
transformation process have been identified in plant and yeast. However, 
the profile and mechanism of host factors regulating the trafficking and 
integrating of T-DNA inside host cells is not well understood.  
Saccharomyces cerevisiae is a good model for studying host factor 
involved in Agrobacterium-mediate transformation. By using yeast model 
in this study, we investigated the role of yeast potassium-transport system 
in Agrobacterium-mediate transformation. We found that the major 
component of yeast potassium-transport system, the high affinity potassium 
importer Trk1, played a significant role in Agrobacterium-mediate 
transformation process. There was no transformant detected from the 
Trk1deletion strain and the introduction of Trk1 protein into mutant cells 
could restore the ability for transformation.  
The data from Trk1 interacting proteins also support the finding, 
when the Trk1p activities was regulated positively or negatively, the 
transformation efficiency increased or decreased respectfully. We also 
found that the potassium ion concentration in the co-cultivation medium 
also had an effect on transformation efficiency. These data suggested that 
the regulation of potassium transport and potassium ion concentration 
could influence the Agrobacterium-mediate transformation process. 
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In order to examine the ability of receipting T-DNA in early stages of 
transformation process, we used PCR and FISH method to detect the 
presence of transferred T-DNA in Trk1 deletion cells. The data showed that 
T-DNA was detected from Trk1 deletion cells in early stages of 
transformation process with the same pattern as in WT cells. It suggested 
that the Trk1 deletion cells were able to receipt T-DNA as normally as the 
WT. The quantitative data also support that suggestion.  
Since the Trk1 deletion strain was not disabled in receipting T-DNA, 
we hypothesis that the deletion of Trk1p affected transformation process in 
the cytoplasmic stages. The deletion of Trk1 transporter in cells might 
cause defect in T-DNA trafficking in cell cytoplasm, and thus suppressed 
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Chapter 1 . Literature review 
1.1. Overview of Agrobacterium-Eukaryote gene transfer 
A. tumefaciens is a gram-negative soil bacterium in the genus 
Agrobacterium which causes some kind of tumor, gall diseases in plant. A. 
tumefaciens was firstly identified as a plant pathogen in 1907 (Smith et al., 
1907). In nature, it can recognize and attack the wounded sites of plants and 
deliver a part of its virulence DNA into plant cells. The infected plant cells 
may undergo uncontrolled tumorous growth and form tumor organizations 
called crown galls (Gelvin et al., 2003). Under certain conditions, the 
oncogenes within the tumor-inducing plasmid (Ti plasmids) can be 
replaced by other DNA fragments for the purpose of genetic modification 
of the targeted plant cells. Therefore A. tumefaciens is commonly used to 
transform plant cells and genetically modify their physiological 
characteristics. 
Agrobacterium can transfer DNA to many aukaryotic organisms, 
numerous plant species, yeast (Bundock et al., 1995), fungi (Groot et al., 
1998), mammalian and human cells (Kunik et al., 1876, 2001). Therefore, 
A. tumefaciens has the potential to be a gene delivery vector with a very 
broad target spectrum. Together with DNA transfer, A. tumefaciens is also 
transfer its virulent proteins into host cells independently. Those virulence 
proteins can be fused with functional proteins, enzymes and transporter 
proteins which could be function inside host cells. Thus A. tumefaciens can 




1.1.1. Agrobacterium-plant gene transfer 
A. tumefaciens, which is gram-negative, is a pathogen of plant Crown 
Gall disease. In nature, its host varies in many species of the plant kingdom 
including more than 600 types of plant (56% of the gymnosperms and 58% 
of angiosperms including 8% of monocotyledons (Gelvin et al., 2003). 
Early last century, A. tumefaciens was firstly identified as the bacterial 
origin of the Crown Gall disease (Smith et al., 1907), induce tumors at the 
wound sites on plant stems, crowns and roots. Crown Gall disease can 
cause significant reduction of crop yield in many horticultural crops such as 
cherry, grape and apple (de Cleene et al., 1979, Kenedy,1980).  
Based on Braun’s work in 1940s about “tumor inducing principle” 
which had shown that the proliferation of tumorous tissue is independent to 
the continuous presence of Agrobacterium, following studies have shown 
that the crown gall is essentially caused by a tumor-inducing (Ti) plasmid 
(Van Larebeke et al., 1974, Zaenen et al., 1974). Southern blotting analyses 
further confirm that the bacterial DNA encoding genes for tumor formation 
was located within the T-region of Ti plasmid, which was called the 
transferred DNA (T-DNA) (Chilton et al., 1977, 1978, Depicker et al., 
1978). When T-DNA is transferred into the plant cell, it may be translated 
to enzymes for synthesis of plant hormones such as auxin and cytokinin, 
whose accumulation causes uncontrolled cell proliferation and forming 
tumors. Another result of T-DNA transfer are the opines synthesis, some 
other substances such as amino acid and sugar phosphate that can be 
metabolized and utilized by the infecting A. tumefaciens cells 
(Ziemienowicz et al., 2001). 
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Agrobacterium-mediated transformation was established based on 
understanding about molecular mechanism of T-DNA transfer. The first 
establishment was in 1983, A. tumefaciens was used as a gene delivery 
vector to create the first transgenic plant, which was an evidence for the 
fact that the integration and expression of foreign T-DNA in plant cells did 
not defect normal plant cells growth (Zambryski et al., 1983). 
Comparing to other mobile transgenic elements such as transposons 
and retroviruses, T-DNA does not encode any proteins required for its 
production inside bacterial cells as well as delivery into plant cells and 
integration into plant genome. Therefore, it can be replaced by any desired 
genes and used for genetic modification of plants. Recently, 
Agrobacterium-mediated transformation has become not only an efficient 
transgenic method in biotechnology but also an important model for 
research on basic biological mechanisms of inter-kingdom genetic 
transformation. 
It has been difficult to transform some species of dicotyledonous and 
most species of monocotyledonous plants, especially some commercially 
valuable crop species by Agrobacterium-mediated transformation method. 
In recent years, extensive researches have been carried out to broaden the 
host range and implications of Agrobacterium-mediated transformation. 
The completion of A. tumefaciens genome sequencing and deeper 
understanding of A. tumefaciens biology enable scientists to develop more 
virulent A. tumefaciens strains, various T-DNA constructs for more 
efficient transformation. The insights of host factors affecting the 
transformation process and development of cell, tissue-culture and co-
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cultivation techniques also contribute to the successful transformation of 
many plant species that previously not susceptible to the Agrobacterium-
mediated transformation (Gelvin et al., 2003). Up to now, scientists have 
successfully transformed may speciestobacco (Lamppa et al., 1985), potato 
(Stiekema et al., 1988), rapeseed  (Charest et al., 1988), maize (Chilton et 
al., 1993), rice (Hiei et al., 1994), soybean (Chee et al., 1995), pea 
(Schroeder et al., 1995), wheat (Cheng et al., 1997), etc. The list of plant 
species that can be genetically transformed by A. tumefaciens is still 
expanding, this inter-kingdom transformation system has become the most 
powerful genetic tool for the generation of transgenic plant species. 
1.1.2. Agrobacterium-yeast gene transfer 
As a common genetic transformation vector for both DNA and 
protein delivery, extensive efforts have been made to explain the molecular 
and cellular mechanisms involve in Agrobacterium-mediated 
transformation. So far, researchers have obtained a relatively 
comprehensive understanding of bacterial factors that affect the induction, 
processing and transport of the T-DNA complexes (Gelvin et al., 2003). 
However, it has been much more difficult to study host factors because of 
the difficulties in modifying and manipulating eukaryotes. Therefore, as a 
simplistic eukaryotic model organism, yeast has been becoming an 
imperative host model for the study of host factors important for 
Agrobacterium-eukaryote gene transfer (Bundock et al., 1995). 
As a simple eukaryote, the budding yeast S. cerevisiae was firstly 
verified to be susceptible to Agrobacterium-mediated transformation in 
1995, which was also the first report of a non-plant host for A. tumefaciens 
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(Bundock et al., 1995). It was shown that the genetic transformation of 
yeast by A. tumefaciens can be understood through conjugative mechanism 
(Sawasaki et al., 1996), similar to the previously identified inter-kingdom 
genetic transformation from E. coli to S. cerevisiae (Heinemann et al., 
1989). Although the genetic transformation of yeast by A. tumefaciens or E. 
coli can only be observed in laboratories unlike the transformation of 
plants, these observations strongly indicate the possible connection 
between the Agrobacterium-mediated transformation and the bacterial 
conjugation, which could share some common regulatory mechanisms. 
Therefore, the advantages of the yeast S. cerevisiae model such as fast 
growth, feasible of genetic modification and the inclusive collections of 
mutant libraries, make it an intriguing model organism for understanding 
host factors involved in the inter-kingdom genetic transformation by A. 
tumefaciens. 
As in plants, the transfer of T-DNA into yeast cells also relies on 
sufficient induction and the expression of virulence genes. To achieve the 
T-DNA transfer into yeast cells, acetosyringone, a plant-originated 
phenolic compound which is responsible for vir gene expression, is 
absolutely required. Similar to Agrobacterium-plant gene transfer, A. 
tumefaciens mutant in virD2 and virE2 strain were unable to transform S. 
cerevisiae cells. This fact further confirmed that Agrobacterium-mediated 
transformation of plant and yeast cells is regulated by the same bacterial 
virulence mechanisms (Piers et al., 1996). 
The main differences between Agrobacterium-mediated 
transformation of plant and yeast cells are the T-DNA delivery and 
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integration process inside the host cells. For instance, T-DNA can be 
integrated into the yeast genome via homologous recombination 
mechanism with a comparatively higher efficiency than that of the 
transformation in plant when the T-DNA contained certain sequence 
homology to the yeast genome (Bundock et al., 1995). In the other hand, if 
there was no sequence homology between T-DNA and the yeast genome, 
T-DNA could integrate into the host genome via the non-homologous 
recombination pathway (Bundock et al., 1996). If yeast replication origin 
sequence such as the 2μ replication origin or ARS (autonomous replication 
sequence) was combined into the T-DNA region, the T-DNA molecular 
could re-circularized after delivered into yeast cells (Bundock et al., 1995, 
Piers et al., 1996). Furthermore, the T-DNA fragment flanked by two yeast 
telomere sequences could stably exist inside the yeast nucleus as a mini-
chromosome (Piers et al., 1996). In contrast to the yeast host, there is no 
replication origin sequence ever observed in plant, and T-DNA is mostly 
integrated into the plant genome via non-homologous (illegitimate) 
recombination. Therefore, by comparing the yeast model to plant, we could 
find out potential plant factors previously unknown or difficult to be 
identified in plant, which can be used to expand the host range and increase 
the efficiency of Agrobacterium-mediated transformation. 
Much more information about host factors affecting Agrobacterium-
eukaryote gene transfer have been provided by recent discoveries in the 
yeast model (Lacroix et al., 2006). It was firstly shown in the yeast that two 
enzymes, Rad52 and Ku20, play a dominant role in deciding the integration 
of T-DNA into the yeast genome (Van Attikum et al., 2001, 2003). The 
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facts that the illegitimate recombination pathway was blocked in the ku70 
mutant cells and the homologous recombination pathways was blocked in 
the rad52 mutant cells lead to the development of T-DNA integration 
model, which may help people to direct the integration pathway of 
Agrobacterium-eukaryote gene transfer. In yeast, Yku70p and Yku80p 
form a heterodimer protein complex which plays multiple roles in DNA 
metabolism (Bertuch et al., 2003). The Ku heterodimer function in 
maintaining genome stability by mediating DNA double-strand break repair 
via non-homologous end-joining, and are required for telomere 
maintenance (Bertuch et al., 2003). The Ku complex is widely conserved in 
many eukaryote including the plant model organism Arabidopsis thaliana. 
Recently, it was shown that AtKu80, an A. thaliana homologue of the yeast 
Yku80p, can directly interact with a double-strand intermediate of T-DNA 
in the plant cell (Li et al., 2005). The ku80 mutant of A. thaliana were 
defective in T-DNA integration in somatic cells, whereas KU80-
overexpressing plants showed increased susceptibility to Agrobacterium-
mediated transformation. 
Through a large scale screen of 100,000 transposon generated yeast 
mutants, the de novo purine biosynthesis pathway was found to greatly 
affect the Agrobacterium-yeast gene transfer (Roberts et al., 2003). Yeast 
cells deficient in adenine biosynthesis were shown to be hypersensitive to 
Agrobacterium-mediated transformation. Consistent with the observations 
in the yeast model, several plant species such as A. conyzoides, N. 
tabacum, and A. thaliana were more sensitive to Agrobacterium-mediated 
transformation when treated with mizoribine, a purine synthesis inhibitor, 
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azaserine and acivicin, two inhibitors for purine and pyrimidine 
biosynthesis in plants. 
1.2. The general process of A. tumefaciens mediated 
transformation 
From early last century, extensive efforts have been made to 
understand about components, factors and mechanisms of Agrobacterium-
eukaryote gene transfer. Many proteins, genes involved have been 
identified in bacteria and host cells. Better understanding of molecular basis 
of Agrobacterium-eukaryote gene transfer can help us extend the potential 
of diverse vector for DNA and protein of A. tumefaciens. This following 
section will discuss more detail about Agrobacterium-mediated 
transformation and host cell factors involved. 
The transferred DNA (T-DNA) is generated from T-region on the Ti 
plasmid. The T-region on native Ti plasmid is about 10-30kbp in size 
(Baker et al., 1983). T-region is defined by T-DNA borders sequences, 
which are 25bp direct repeats and their sequences are highly homologous. 
The T-DNA transfer process comprises of some key steps as shown in Fig 
1.1: A. tumefaciens chemotaxis and attachment; vir gen induction; T-DNA 
formation; T-DNA transfer; T-DNA nuclear targeting; T-DNA integration 
and expression. Initially, together with the monosaccharide transporter 
ChvE and in the presence of the phenolic, sugar molecules, VirA 
autophosphorylates and subsequently transphosphorylates the VirG protein. 
The activated VirG increase the transcription level of the vir genes. Then 
the vir genes products are directly involved in the T-DNA formation from 
the Ti plasmid and the transfer of T-DNA complex from bacterial cell into 
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plant cell nucleus (Gelvin et al., 2003). The molecular machinery required 
for T-DNA formation and transfer into host cells consist of proteins 
encoded by a set of bacterial chromosomal (chv) and Ti plasmid virulence 
(vir) genes. In addition, many others host proteins have been found to 
participate in the amt process (Tzfira et al., 2002). All those components 
play essential roles during the transformation process. 
1.3. T-DNA integration inside eukaryote host cells. 
1.3.1. Host genes affecting the T-DNA nuclear import 
and integration into host genome 
In the past decade, big efforts were endeavored for understanding the 
T-DNA transfer process inside the eukaryotic host cells. To date, more and 
more host factors have been identified to be interacting with A. tumefaciens 
virulence factors. Many approaches have been applied for the finding and 
characterizing of host factors affecting Agrobacterium-eukaryote gene 
transfer. One powerful tool is the yeast two-hybrid assay. The reason for 
using yeast two-hybrid assay is that several A. tumefaciens virulent proteins 
can be transported into the host cells. Therefore those transported virulent 
proteins are expected to interact with specific host factors to facilitate the 
transformation process. Such virulent proteins include VirD2, the 
covalently bond protein with T-DNA and VirE2, the single-strand DNA 
binding protein. Up to now, many scientists have been using the cDNA 
library of A. thaliana to study the interactions between A. tumefaciens 
virulent proteins and host factors (Gelvin et al., 2003). 
VirD2 protein was used as the bait protein in yeast two-hybrid assay, 
it was shown that the NLS sequence of VirD2 were required for the 
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interaction between VirD2 and AtKAP, also known as importin-α1 (Ballas 
et al., 1997). Importins are group of proteins responsible for the nuclear 
import. The identification of AtKAP as the VirD2 interaction partner inside 
the plant host enables people to understand how T-DNA is transfer into the 
host nucleus. 
VIP1 was firstly identified as a VirE2 interacting protein in A. 
thaliana, which can interact with VirE2 in vitro when VirE2 was used as 
the bait for yeast two-hybrid assay (Tzfira, 2001). It was further shown that 
the antisense inhibition of VIP1 expression resulted in a deficiency in the 
nuclear targeting of VirE2. Consequently the tobacco VIP1 antisense plants 
were highly recalcitrant to A. tumefaciens infection. Thus VIP1 might be 
involved in nuclear targeting of the VirE2-T-DNA complex. 
Although the yeast two-hybrid assay can help scientist to find out 
some interesting candidates which could interact with A. tumefaciens 
virulence proteins in vitro, this method is not sensitive enough and the 
findings from a yeast two-hybrid assay still need to be confirmed using 
relevant plant mutants. Recently, the generation of a plant mutant is still a 
hard work for scientists. Therefore, it is important for us to look for other 
methods and model organisms.  
Using the Agrobacterium-mediated transformation, scientists have 
built up an A. thaliana mutant library, which enabled scientists to carry out 
further screens for the identification of A. thaliana mutant that altered 
susceptibilities to A. tumefaciens infection (Myrose, 2000; Yi, 2002). 
However, the forward screen is largely depended on the methods and 
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conditions for examining the mutant library, which is still laborious. And 
surely, the mutant library is not a complete one, since those essential but 
unviable plant mutants cannot be include. 
Considering that plants might response specifically to A. tumefaciens 
infection, a large-scale screen using cDNA-amplification fragment length 
polymorphism (AELP) to identify different gene expression in response to 
A. tumefaciens infection was carried out (Ditt, 2001). Using this method, 
scientists might directly observe the changes in the gene expression levels 
without using any mutants. However, they found that most of changes in 
the plant gene expression profiles in response to A. tumefaciens infection 
were related to anti-pathogen responses, not directly related to the 
transformation process. 
Recent days, it is still difficult for plant scientists to do genetic 
modifications on account of the difficulties in manipulating plants. Because 
plant cell usually have quite long life cycles and the generation of site-
specific plant mutants is still one of the hardest work. To simplify the 
identification of host factors involved in Agrobacterium-eukaryote gene 
transfer, scientists need to find other model organism and the yeast 
Saccharomyces cerevisiae present as the most ideal model. Yeast cells 
grow rapidly and can be easily manipulated, moreover, many collections, 
libraries of yeast mutant strains are available together with the fully 
sequenced genome. Up to now, the progress of understanding host factors 
that important for Agrobacterium-eukaryote gene transfer has obtained 
many achievements using the yeast model.  
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1.3.2. Yeast genes involved in Agrobacterium-mediated 
transformation 
The budding yeast S. cerevisiae is the first identified non-plant host 
for Agrobacterium-eukaryote gene transfer (Bundock, 1995). It was later 
shown that A. tumefaciens could also deliver its genetic materials into 
plants through the conjugative mechanism (Sawasaki, 1996). Because most 
bacterial genes required for Agrobaterium-plant gene transfer are also 
involved in the transformation of yeast, S. cerevisiae appears to be an 
intriguing model organism for studying host factors involved in this inter-
kingdom transformation process. As the simplest eukaryotic organism, the 
yeast S. cerevisiae has many advantages over other eukaryote model 
organisms such as rapid growth rate, ease of genetic modification and 
comprehensive mutant libraries. Therefore research on yeast model could 
help scientists understand more about host factors affecting Agrobacterium-
eukaryote gene transfer. 
The major difference between plants and yeast for Agrobacterium-
mediated transformation include both the T-DNA delivery pathway and T-
DNA integration into the host genome. T-DNA can be integrated into yeast 
genome by homologous or non-homologous recombination, which is relied 
on the availability of yeast chromosome sequences flanking the T-DNA 
region (Bundock, 1995; 1996). If a yeast replication origin sequence such 
as the 2u replication origin of ARS (autonomous replication sequence) was 
combined into the T-DNA region, the T-DNA fragment was able to re-
circularize inside yeast nucleus and transform to a yeast plasmid which can 
stably replicate and exist inside yeast cell (Bundock, 1995; 1996). 
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Moreover, the T-DNA fragment flanked by two yeast telomere sequences 
could stably stay inside the yeast nucleus as a mini-chromosome (Piers, 
1996). There is no replication origin sequence in plants and the non-
homologous recombination pathway is the dominant mechanism for T-
DNA integration. Therefore the yeast model was firstly used to study host 
factors affecting the T-DNA integration mechanism. Using yeast S. 
cerevisiae as the T-DNA recipient, non-homologous end-joining (NHEJ) 
proteins such as Yku70p, Rad50p, Mre11p, Wrs2p, Lig4p and Sir4p were 
recognized to be required for the integration of T-DNA into yeast genome. 
It was further proven that two enzymes, Rad52p and Ku70p, played a 
dominant role in deciding how T-DNA was integrated into the yeast 
genome (van Attikum, 2001; 2003). The illegitimate recombination was 
found to be blocked in the ku70 mutant cells and the homologous 
recombination pathway was blocked in the rad72 mutant cells. These 
observations are useful for scientist to direct the integration pathways. In 
yeast, Yku70p and Yku80p form a heterodimer protein complex which 
plays multiple roles in the DNA metabolism (Bertuch, 2003). The Ku 
heterodimer functions to maintain the genome stability by mediating DNA 
double-strand break repair via NHEJ, and is also required for the telomere 
maintenance (Bertuch, 2003). The Ku complex is widely conserved in 
many eukaryote organisms including the plant model A. thaliana. Recently, 
it was shown that AtKu80, an A. thaliana homologue of the yeast Yku80p, 
could directly interact with the double-strand intermediate of T-DNA 
integration in somatic cells, whereas Ku80-overexpressing plants showed 
increased susceptibilities to Agrobacterium-mediated transformation. 
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The de novo purine biosynthesis was firstly identified in the yeast 
model as a host cellular mechanism that negatively regulates the T-DNA 
transfer inside host cells (Roberts, 2003). Yeast cells with deletion in any 
enzymes on the first seven steps of the yeast de novo purin synthesis 
pathway could result in the super-sensitive yeast cells to Agrobacterium-
mediated transformation on adenine deficient medium. Consistent with the 
observation in the yeast model, several plant species such as N. tabacum 
and A. thaliana were also exhibiting significant increase susceptibilities to 
Agrobacterium-mediated transformation when treated with mizoribine, a 
purine synthesis inhibitor, azaserine and acivivin, two inhibitors of purine 
and pyrimidine synthesis in plants. Therefore the biotechnology of 
Agrobacterium-mediated transformation could have more value from 
finding in the yeast model.    
1.4. Overview of potassium transport and ion homeostasis in 
yeast and plant 
1.4.1. Potassium transport in plant 
Throughout evolution, living organisms have chosen K+ as major 
cation of their internal environment instead of the abundance of Na+ in the 
sea where evolution started. K+ has been selected to be the main ion that 
involve in most of growth activities of organisms. There is an experiential 
fact that living cells in most natural environment maintain much higher 
concentration of K+ in their internal milieu than external environment. That 
is truly because of the essentiality of K+ to life. Up to now, the role of K+ is 
clearly insight, it involves in many physiological and metabolism processes 
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in cells, contributes to cell volume, intracellular pH, membrane potential, 
electrical balance and ion homeostasis. 
To maintain the sufficient balance of K+ for growth, living cells have 
evolved many transport systems that can import and export K+ by various 
mechanisms. In early 1940s, Aser Rothstein, Conway and other scientists 
firstly studied about K+ transport mechanism in eukaryote cells. Since then, 
both yeast and plant have been extensively studied about the mechanism of 
K+ uptake, many transporters and channels have been identified. It was 
suggested that there are two main pathways of K+ uptake in plant: passive 
and active. These two pathways are present with differences in fungi, 
however,  many transport systems have been found sharing similar 
mechanisms and regulations.  
In this review, I just want to mention about K+ transport between 
plant cells and the outside environment, mainly the activities in root cells. 
In plants, the passive uptake of K+ is the inward-rectifying channel in the 
plasma membrane. Those channels remain activated for long time and 
mediated long-term K+ accumulation. It was also found that those channels 
could active in yeast model and cured the defection of K+ transporter 
mutant yeast (Sentenac, 1992). Active K+ uptake in plant is carried by some 
types of transporter: Na+/K+ exchanger; H+/K+ symporter; H+/K+ ATPase. 
Those transporters require both proton motive force and ATP energy for 
their activities. The K+ uptake in yeast also require membrane potential, 
which was generated separately from other proton pump activities. 
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There are many families of potassium transporters in plant. Mainly, 
they are Shaker and KCO channel families; KUP/HAK and HKT 
transporters families. Plant Shaker family shares similarities with animal 
voltage-gate K+ channel, they form K+ selective channels and are strongly 
regulated by voltage. They are active at the plasma membrane as inward, 
weakly-inward and outward channels. The KCO family does not have 
voltage sensor domains as in Shaker family, they have pore domains that 
have high K+ permeability. Both of those families are present in 
Arabidopsis with the representative such as AKT (Shaker) and KCO1 
(KCO), which were successfully expressed in animal. 
The KUP/HAK transporter family in plant has many homologues 
with K+ transporter in E. coli (KUP) and soil yeast (HAK). This family 
consist of both high and low affinity K+ transporter. The plant HKT family 
was belief to closely relate to Trk system in fungi. They are a small family 
but present in almost plant species. They consist of K+ co-transporters 
(symporters), both influx and efflux. They can transport K+ together with 
H+ or Na+. Interestingly, all members are identified in root cells. 
1.4.2. Potassium transport in yeast and the similarities 
with plant 
Potassium efflux 
Early studies in yeast S. cerevisiae showed that the K+ concentration 
in yeast cells was established by the balance of influxes and effluxes. The 
kinetic of those fluxes is mediated by various transporters. It was belief that 
the rate of influx and efflux were equal and independent of the external K+ 
17 
 
concentration. There were evidence showed that the efflux of K+ is 
independent of the external pH but inhibited by a decrease of internal pH. 
The only channel that specific for K+ export in yeast is Tok1p. However, 
the mutant of this outward-rectifying K+ channel was not defected in efflux 
activities, suggesting that the K+ export in yeast is mediated by unknown 
mechanism. In plants, there are also outward-rectifying K+ channels. The 
KCO1 in A. thaliana shares the conserved P-domain with the TOK1 in 
yeast. They are in the same family of two-pore K+ channels and both 
conduct an outward current of K+ under depolarization conditions. 
Yeast cells have some other efflux transporter that use different 
mechanism from TOK1. The H+/K+ antiporter is the first system identified 
that its activities does not directly link to membrane potential. NHA1 is a 
H+/K+ antiporter that can also efflux Na+, it only mediate K+ efflux when 
Na+ is absent. It is specially active when the internal pH increase, thus 
involve in control of cellular pH. Another H+/K+ antiporter in yeast is 
KHA1. There is little information about KHA1, its sequence showed 
homology to bacterial Na+/H+ and H+/K+ antiporter. In plants, there is also 
evidence of  functional H+/K+ antiporter involved in pH regulation. The A. 
thaliana cation proton antiporter (CPA, KEA) family has been identified 
with similarities to bacterial K+ antiporter. For example, the AtNHX1 was 
shown to exchange both Na+ and K+ with equal affinity. In yeast, besides 
the Nha1 and Kha1 antiporters, it was suggested about the present of 




There are many K+ transporters in yeast that belong to some families 
in plants, however, in this review I just want to focus on the Trk system 
that share most similarities with HKT system in plants. There are two main 
transporters in Trk system: Trk1p and Trk2p. Trk1p is the first K+ 
transporter identified in non-animal eukaryote cells (Gaber et al., 1988). 
Trk1 is a large protein with 12 hydrophobic transmembrane domains. Trk1 
has momologues in all sub-species of S. cerevisiae but plants nor animals. 
The second transporter, trk2p was identified with 55% sequence similarity 
with trk1p (Ko et al., 1990, 1991). The Trk system was found in some other 
fungi such as S. pombe and N. crassa, they have low homology and mostly 
in hydrophobic domains. One characteristic of ScTrk1 transporter is the 
variability of its K+ Km according to K+ level of the cell. It was still 
classified as high affinity K+ transporter even in K+ starved cells. In the 
high affinity state, ScTrk1 strongly selects K+ over Na+ (700/1), in the low 
affinity state, the discriminatory ability of ScTrk1 between K+/Na+ 
decreases (Navarro et al., 1984; Ramos et al., 1985). As mentioned above, 
the most similar transporter with Trk system in yeast is the HKT family in 
plant. However, they only share similarities in structure and function, there 
was no conserved motif between them. Transporters in HKT family also 
have some hydrophobic transmembrane domains in their structures. Some 
of them were proved to function in yeast, they can suppress the defect 
caused by mutant in Trk system. 
S. cerevisiae cells can grow in broad range of K+ concentration from 
2-3μM to 2M. To adapt to this concentration range, both Km and Vmax of 
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K+ influx have a very dynamic kinetic that can change follow the growing 
conditions. The Km can decrease when the external K+ is decrease and the 
Vmax can increase when the internal pH decreases as a result of K+ 
starvation. Moreover, there was evidence showed that the proportion of 
importer molecules can also increase in K+ starvation condition (Ramos et 
al., 1986).  In Trk1∆ mutant, together with low Vmax K+ uptake mediated 
by Trk2, yeast cells have another low-affinity K+ uptake, which is also 
present in Trk1,2 double mutant strain. It suggested that the trk2-mediated 
and low-affinity uptake of K+ were consequences of Trk1 and/or Trk2 
disruption and the low-affinity K+ uptake might be mediated by non-K+ 
specific transporters.  
The signal regulation of Trk system activities is poorly understood. It 
was suggested to include all level of regulation from genes to proteins and 
ion signaling. However, since K+ transport in yeast has similarities with 
plants, it might share the same regulation mechanism such as the 
Calcineurin pathway (Casado et al., 2010).   
1.5.  Aims of study 
The purpose of this study is to more emphasize the yeast S. cerevisiae 
system as a eukaryotic model for identification and characterization of host 
factors that important for Agrobacterium-mediated transformation. 
Potassium ion and potassium transport activities are crucial for cell growth 
and proliferation in all organisms. Potassium transport contributes to and 
regulates many characteristics of cell life. Many host factors have been 
identified to involve in Agrobacterium-mediated transformation process in 
yeast and plants. However, there has been no clear-cut study about the 
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relationship between potassium transport and Agrobacterium-mediated 
transformation. It  appears to be an intriguing topics for us to understand. 
By studying the Trk potassium transport system in yeast, I proposed to 
establish the link between potassium transport and Agrobacterium-
mediated transformation.  
As a eukaryotic model, the yeast S. cerevisiae has many advantages 
such as the rapid growth rate, easy in DNA manipulation, available genome 
sequence and commercial mutant libraries. In this study, we take 
advantages of the yeast model for identification and characterization of host 
factors significant for Agrobacterium-eukaryote gene transfer. As 
mentioned in above review, potassium transport in plant shares many 
similarities with yeast.  Therefore, results from this study would not only 
help to enhance the efficiency of Agrobacterium-yeast gene transfer, but 
also enable us to obtain more information about the relation and 
mechanisms regulating the T-DNA transfer process in plants and other 
eukaryotic cells. With further understanding of host factors involved in 
Agrobacterium-mediated transformation, we can utilize and manipulate A. 
tumefaciens, regulate and optimize the transformation process for more 
important application such as gene therapy and protein therapy.      
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Chapter 2 . Materials and methods 
2.1. General materials 
2.1.1. Bacteria and yeast strains 
Bacteria and yeast strains used in this study are listed in Table 2.1 
2.1.2. Culture medium 
The culture medium used in this study is listed in Table 2.2. Liquid 
broth culturing of both yeast and bacteria were carried in incubator with 
200rpm shaking. E.coli cells were cultured using LB liquid medium at 
37oC with 200rpm shaking. MG/L and IBPO4 were used for culturing or 
inducing A. tumefaciens cells at 28oC. YPD and SD medium with 
appropriate supplements were used to culture yeast cells at 28oC. For long-
term storage, all bacteria and yeast strains were kept in relevant medium 
containing 15% glycerol in the -80oC freezer (Cangelosi et al., 1991; Piers 
et al., 1996; Sambrook et al., 2001). 
2.1.3. Antibiotics and other solutions 
The stock and working concentration of antibiotics and other 
chemicals, solutions were listed in table 2.3. 
2.1.4. Plasmids 
Plasmids used in this study are listed in Table 2.4. 
2.1.5. Primers 





Table 2.1: Yeast and bacterial strains used in study. 
Strain Genotype Source 
Yeast strain   
BY4741 (WT) MATa; his3∆1; leu2∆0; met15∆0; 
ura3∆0 
Euroscarf 
Trk1∆ MATa; his3∆1; leu2∆0; met15∆0; 
ura3∆0; trk1::kanMX4
Euroscarf 
Trk2∆ MATa; his3∆1; leu2∆0; met15∆0; 
ura3∆0; trk2::kanMX4 
Euroscarf 
Tok1∆ MATa; his3∆1; leu2∆0; met15∆0; 
ura3∆0; tok1::kanMX4 
Euroscarf 
Ppz1∆ MATa; his3∆1; leu2∆0; met15∆0; 
ura3∆0; ppz1::kanMX4 
Euroscarf 
Sky1∆ MATa; his3∆1; leu2∆0; met15∆0; 
ura3∆0; sky1::kanMX4 
Euroscarf 
Hal4∆ MATa; his3∆1; leu2∆0; met15∆0; 
ura3∆0; hal4::kanMX4 
Euroscarf 
Hal5∆ MATa; his3∆1; leu2∆0; met15∆0; 
ura3∆0; hal5::kanMX4 
Euroscarf 
Nha1∆ MATa; his3∆1; leu2∆0; met15∆0; 
ura3∆0; nha1::kanMX4 
Euroscarf 
Kha1∆ MATa; his3∆1; leu2∆0; met15∆0; 
ura3∆0; kha1::kanMX4 
Euroscarf 
Y258 (pBG1805) MATa;  pep4-3, his4-580, ura3-53, 
leu2-3,112 
Open Biosystem 
E. coli   
DH5α EndA1 hsdR17 supE44 thi-1 recA1 
gyrA96 relA1 ∆(argF-




A. tumefaciens   
EHA105  Wild type, nopaline strain 
containing pTiBo542 harbouring a 
T-DNA deletion 
Hood et al, 1993 







Table 2.2: List of medium used in this study 
a Preparation for 1 liter and sterilized by autoclaving 







Media Preparation a, b Reference 
E. coli   
LB Tryptone, 10 g; yeast extract, 5 g; NaCl, 10 g; pH 
7.5 
Sambrook et al., 
1989 
A. tumefaciens 
MG/L LB, 500 ml; mannitol, 10 g; sodium glutamate, 
2.32 g; KH2PO4, 0.5 g; NaCl, 0.2 g; MgSO4. 7H2O, 
0.2 g; biotin, 2 μg; pH 7.0 
Cangelosi et al., 
1991 
20 × AB salts NH4Cl, 20 g; MgSO4. 7H2O, 6 g; KCl, 3 g; CaCl2, 
0.2 g; Fe SO4. 7H2O, 50 mg 
Cangelosi et al, 
1991 





20 × AB salts, 50 ml; 20 × AB buffer, 1 ml; 62.5 
mM KH2PO4 (pH 5.5), 8 ml; glucose, 18g 
(autoclave separately) 
Piers et al., 1995 
S. cerevisiae  
YPD 50g YPD ready powder Clontech user 
manual 






IBPO4; histidine,20 μg/ml; leucine 60 μg/ml; 
methionine 20 μg/ml; uracil 20 μg/ml 
Piers et al., 1996 
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Ampicilin (Amp) Dissolve in H2O and 
filter sterilized 
100mg/ml 100μg/ml 
Kanamycin (Kan) Dissolve in H2O and 
filter sterilized 
100mg/ml 100µg/ml 





Dissolve in dimethyl 
sulphoxide (DMSO)  
and filter sterilized 
200mM 200µM 
LiAc 65.99g LiAc in 1L 
H2O, filter sterilized.  
1M  
PEG 250g PEG, stirring and 
top up H2O to 500ml, 
filter sterilized. 
50%  
KCl  74.55g KCl, top up 
H2O to 1L, autoclave. 
1M  
NaCl  292.2g NaCl, top up 
H2O to 1L, autoclave 
5M  
Lysis Buffer 1M sorbitol, 0.1M 
Na2EDTA, pH7.5, filter 
sterilized 
  
Lyticase 25mg Lyticase powder 
in 1ml Lysis buffer, 
filter sterilized. 
5U/μl  
2xSSC 17.53g NaCl; 8.82g 
mono-sodium citrate , 
top up H2O to 1L 
2x  
Paraformandehyde 4g paraformandehyde, 
dissolve in warm PBS 
(add some drop of 10N 
NaOH), top up PBS to 
100ml.  
4%  
SDS 50 mg SDS, top up to 
10ml H2O  
0.5%  
BSA 3g BSA powder in 
















































































































Table 2.5: List of primers. 
Primer Sequence (5’-3’) 












2.2. DNA manipulation 
2.2.1. Transformation of plasmid DNA into E. coli 
In this study, I used heat shock method to transform E. coli cells 
following the standard protocol (Sambrook et al., 2001). Frozen competent 
cells (100μl) were thawed on ice. The plasmid DNA sample for 
transformation was added to the cell suspension (up to 25ng per 50μl of 
competent cells) with the volume not exceeding 5μl (5%). The competent 
cells were mixed by gently swirling or pipetting and were still kept on ice 
for 30 minutes. The mixture was subjected to heat-shock by incubating in 
42oC water-bath for 90 seconds and immediately chilled on ice for 2 
minutes after that. 900μl of fresh LB medium (without antibiotic) was 
added to the cell suspension, which was then incubated at 37oC for 45-60 
minutes with shaking (200rpm) to allow bacterial recovery from damages 
and express the antibiotic resistance genes that harboring on the transferred 
plasmid DNA. Then bacterial cells were collected by centrifugation and 
spread on LB agar plates with appropriate antibiotic to select desired 
transformants. 
2.2.2. Plasmid extraction from E. coli 
Plasmid DNA from E. coli was extracted using Real Genomic™ 
HiYield™ Plasmid Mini Kit, the procedure was following the instruction 
manual from manufacturers. After extraction, plasmid DNA was dissolve in 
TEpH8.0 buffer and stored in -20oC. Plasmid concentration was quantified 
by NanoDrop spectrophotometer.  
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2.2.3. Total DNA extraction from S. cerevisiae 
The yeast total DNA extraction was based on the protocol of Robzyk 
and Kassir (1992) with modification. After growing overnight in YPD 
broth at 28oC, yeast cells were harvested and wash by sterilized dH2O. For 
each amount of cell harvested from 2ml cultured medium, 500ml of Lysis 
buffer was added. Sufficient amount of glass bead (Sigma) was added and 
vortexed with max speed in 2 minutes. After that, all the liquid was 
collected, and then 275μl of 7M NH4OOCCH3 pH7 was added, incubation 
in 65oC water-bath for 5 minutes following by 5 minutes on ice. Next, 
500μl of Chloroform was added, mixed by inverting tube, and then 
centrifuged at max speed for 5 minutes. The supernatant was collected and 
precipitated by 1ml isopropanol (5minutes RT, centrifuge 5 minutes max 
speed). The pellet was then washed by EtOH and left air dry. The total 
DNA was dissolved in TE buffer and kept in -20oC.  
2.2.4. DNA digestion and ligation 
DNA digestion was performed following the instruction manual from 
the manufacturer of restriction enzymes. The reaction system for a 
digestion basically contained restriction enzyme, relevant buffer for 
enzymes, DNA to be digested, and deionized water was added to final 
volume of 20μl per reaction. 0.5μl of Shrimp alkaline phosphatase was also 
added to create dephosphorylated restriction site in case needed. Digestion 
reaction was carried out at 37oC for different time periods from 8 to 16 
hours for different purposes.  
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DNA inserts were ligated with digested vector by using T4 ligation kit 
from manufacturer. The reaction components were followed instruction 
manual, incubation was at 37oC for 8-12 hours. 
2.2.5. Polymerase chain reaction (PCR) 
DNA fragments and target genes were amplified using the basic PCR. 
The composition of the PCR reaction mixture was listed below (Sambrook 
et al., 2001). 
 10X PCR buffer (with MgCl2)  5μl 
 Primer 1 (10μM) 2 μl 
 Primer 2 (10μM) 2 μl 
 dNTPs (10mM each) 1 μl 
 Template DNA (20-100ng/μl) 1 μl 
 DNA polymerase (5U/μl) 0.2 μl 




The basic PCR was normally run using the program below 
 1 cycle 95oC for 2 minutes 
 35-38 cycles 95oC for 30 seconds 
  Annealing Temp (Tm – 5oC) for 30 seconds 
  Extension 72oC for 1 minute per kb 
 1 cycle 72oC for 5-10 minutes 
 Hold at 16oC 
2.2.6. DNA gel electrophoresis and purification 
DNA fragments were separated together with a standard DNA ladder 
(Fermentas) by agarose gel electrophoresis using TAE buffer (0.04M Tris-
acetate, 1mM EDTA, pH8.0). The concentration of agarose gel is usually 1-
1.5% and EtBr or SYBR®DNA staining was added directly into the 
agarose gel (after thawing and cool down to 70-80oC) following 
manufacturers recommended concentration 
The separated DNA fragments were recovered from the agarose gel 
using QIAquick Gel Extraction Kit (QIAGEN) or Invitrogen Gel/PCR 
Purification Kit. The procedure was followed manufacturers protocols. The 
process briefly contains some main steps: gel dissolving; DNA recovery 
and binding to columns; washing; recover DNA by elution. DNA collected 
was kept in TE buffer in -20oC for storage. 
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2.2.7. DNA sequencing 
Following the instruction manual for Big Dye ™ automated 
sequencing, DNA sequencing was conducted as bellow: 
PCR mixture: 
 Big Dye™ Ready Mix  2 μl 
 Primer 1  1 μl 
 Primer 2  1 μl 
 DNA template  100 to 500ng 
 Add deionized water to a final volume of 10 μl 
PCR program: 
 1 cycle 96oC for 1 min 
 25 cycles 96oC for 10 seconds 
  50oC for 10 seconds 
  60oC for 1 minute 
 1 cycle 60oC for 2 minutes 




Precipitation of PCR product: 
 PCR product  10 μl 
 3M Sodium acetate (pH4.6) 1.5 μl 
 Analysis Grade 95% Ethanol 31.25 μl 
 Sterile dH2O  7.25 μl 
The amounts of other solutions were added following above ratio if 
more volume of PCR product needed. After mixing the PCR product and 
precipitation mixture in 1.5ml tube by vortex, the tube was kept at room 
temperature for 30 minutes before centrifugation at 14,000rpm for 30 
minutes. The supernatant was gently aspirated without disturbing the pellet. 
The pellet was washed with 500 μl of 70% ethanol (Analysis Grade), 
followed by centrifugation at 14,000rpm for 15 minutes. The pellet was 
washed again if needed and dried in a vacuum concentrator. This product 




Chapter 3 . The role of Trk1p in Agrobacterium-mediated 
transformation 
3.1. Introduction 
3.1.1. Trk1 potassium uptake protein 
There is no doubt about the critical role of potassium in living 
organisms, the transporting activities of potassium are essential and 
intrinsic for cell growth and survival. To ensure the fact that living cells in 
most environment have a much higher intracellular concentration of 
potassium compare to the external environment, various types and proteins 
of transport systems are used to rapidly uptake potassium besides exchange 
and efflux in certain condition. 
Since 1950s, scientists have research on the mechanism of potassium 
uptake in non-animal eukaryote cells with the model organism yeast. The 
first hypothesis demonstrated that in yeast cells, potassium was taken up by 
exchanging with H+ (Conway et al., 1946; Rothstein et al., 1946). Later, 
scientists found that in Neurospora crassa, H+ was pumped out of cells by 
an ATPase to generate membrane potential. The membrane potential then 
was used to uptake any type of substrate with positive charge including K+. 
(Slayman et al., 1973; Scarborough et al., 1976). Many works on plant and 
yeast later suggested some other hypotheses of symporter, exchanger 
channel with Na+ or H+, however most of them agreed that potassium was 
uptake by membrane potential mechanism. Later, many researchers have 
identified all the proteins, channels involved in yeast potassium transport.  
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Many transport systems have been well-characterized such as Na+/K+ 
ATPase in mammalian (Goldin et al., 1977; Kawakami et al., 1985; Shull 
et al., 19860, K+ translocation ATPase in bacterial. Most of the systems 
previously found were depend directly on ATP hydrolysis for K+ transport. 
Those finding have made scientists think that in yeast, there would be some 
similar systems. However, yeast can survive in very low K+ concentration 
medium while maintaining very high intracellular K+ concentration. Many 
hypotheses of high affinity transport have been thought to be present in 
yeast. Thus, in yeast there would be multiple channels of potassium 
transport or dual-system (Rodriguez-Navarro et al., 1984) including ATP-
drived and high affinity transport. Trk1 protein was firstly characterized as 
the high affinity transporter of potassium in yeast (Gaber et al., 1988). 
Trk1p was estimated about 180kDa molecular weight and 1235 amino acid 
long. It is a trans-membrane protein with potential 12 membrane-spanning 
domains. ScTrk1p has two regions in hydrophilic domain that share a small 
significant homologies with the K+ translocating ATPase in E. coli. Besides 
that, it also has a putative nucleotide-binding domain, which suggested that 
Trk1p might act as a K+ translocating ATPase in E. coli. Further 
experiments have shown that Trk1p was not an ATPase, its high affinity 
transport was depended indirectly to H+ATPase activities (PMA1 in yeast).  
3.1.2. Trk2 potassium uptake protein. 
The second potassium uptake protein in yeast is TRK2, which was 
identified and cloned by Christopher Ko et al. in 1990 and 1991. Trk2p, 
889 amino acid length, has 55% sequence similar to Trk1p, especially some 
hydrophobic domains (Trk2p also has 12 trans-membrane domains) have 
35 
 
the identity from 70% up to 90%. The most different part between two 
proteins was the hydrophilic domains and Trk2p did not possess 
nucleotide-binding domain. By studying single and double mutants, Trk2p 
was identified as the low-affinity potassium transporter. Yeast cells that 
contain only Trk2p (null Trk1 mutant strain) require much higher medium 
concentration of potassium (3 to 5 mM) compare to the wild type that can 
survive at μM concentration.  
The viability of double mutant trk1∆trk2∆ cells reveal the present of 
other potassium uptake channels and they might function differently from 
trk1p and trk2p (Ko et al., 1991). The fact was this double mutant strain 
can only survive in high pH medium (pH > 4.0), this suggested that the 
other potassium transporters were the H+ /K+  anti-porter or depended on H+  
efflux. Recent studies have identified some other transporters with 
divergent mechanisms. (Fig 3.1) 
3.1.3. Other potassium transport proteins. 
There are some other transport proteins that can transport potassium. 
They are shown in Fig 3.1, some of them are not specific for potassium that 




Figure 3.1: Potassium tranporters in Yeast 
(adapted from Ingrid Wadskog and Lennart Adler et al., 2003) 
Nha1, Kha1: K+ /H+ exchanger (Ramirez et al., 1998; Bihler et al., 1998);  
Ena1: ATPase sodium pump, can pum K+ under certain condition (Benito et 
al., 2002; Haro et al., 1991)  
NSC1: non-selective cation permeable channel (Bihler et al., 2002) 
Tok1: Outward-rectifier potassium channel (Ketchum et al., 1995) 
 
 
Tok1 is the potassium export protein that was identified firstly in 
1995 by Ketchum et al. Tok1 acts in opposite way to Trk1p and Trk2p to 
export potassium when membrane potential is higher than K+ equilibrium. 
It was suggested that Tok1p has the same mechanisms as Trk1,2p, 
however, with the different structure and activation state, Tok1p represents 




3.2.1. Agrobacterium-mediated transformation of yeast 
The AMT protocol was modified based on previous studies (Piers et 
al., 1996). The medium used are listed in Table 3.1.  
Table 3.1: Medium used in AMT 
Medium  Bacterial Yeast 
Growth MGL (Kan) YPD 
Induction IB liquid (Kan, AS)  
Co-cultivation CM plate (Kan, AS) CM plate 
Selection plate  SD Leu- (Cef 100μg/ml) 
Recovery plate  SD Leu+ or YPD plate (Cef 
100μg/ml) 
 
Generally, the transformation procedure takes four days to complete 
and the yeast cells take three days more to growth after transformation. A. 
tumefaciens was firstly inoculated to MG/L medium (Kan 100μg/ml) 
overnight at 28oC until the OD reach 1.0 Bacterial cells then were harvested 
for induction step. After washing, bacterial cells were resuspended in 
induction medium to the final OD of 0.3 and allowed to grow at 28oC for 
18 hours. Besides that, inoculate yeast in YPD medium at 28oC. After 18 
hours induction, the OD of bacterial culture should be around 0.45 to 0.6 
and cells were harvest for co-cultivation. Yeast cells were sub-culture 4 to 5 
hours before co-cultivation, the OD of yeast culture after sub-culture should 
be around 0.5 to 0.8. Bacterial and yeast cells were co-cultured with the 
ratio of 100:1 (the total number of input yeast cells is 5.106) on co-
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cultivation plate at 20oC for 24 hours. After that, yeast cells were collected 
using NaCl 0.9% or PBS, and spread on selection plate (no dilution) and 
recovery plate (105 times dilution). After 3 days incubation at 28oC, only 
green fluorescent (under UV) colonies on selection plate are counted, the 
selection number is divided over the recovery number to calculate the 
transformation efficiency. 
3.2.2. Lithium acetate transformation of yeast  
Lithium acetate transformation is a well-known method to introduce 
DNA molecules or plasmids into yeast S. cerevisiae (Gietz et al., 2007). At 
first, yeast cells were inoculated in YPD overnight at 28oC and sub-cultured 
4 hours before transforming to obtain the OD of 1.0. About 2.107 cells were 
harvested and washed with sterile H2O then LiAc 100mM. Transformation 
mixture was then added following the sequence of: 240μl PEG 50% (mix 
well by gently pipetting); 36μl LiAc 1M; 5μl Carrier DNA (Herring sperm 
DNA 10mg/ml, denatured); 100ng of plasmid DNA. Mix well the mixture 
again with pipette and then incubate in 28oC for 20 minutes. After that, 
39μl DMSO was added, and heat shock of the mixture was carried out at 
42oC for 10 minutes. Cells then were harvested by centrifugation at 
6000rpm in 1 minute and re-suspended in sterile H2O following by 
spreading on selection and recovery plate (The plasmids using in this 
experiment carried selection marker URA3 so that the selection medium 
using was SD Ura- and the recovery is SD Ura+ or YPD).  
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3.3. Results and discussion 
3.3.1. Trk1 deletion mutant was defective in AMT 
Our transformation protocol was modified from previous protocol of 
Piers et al (1995). We have made many modifications suitable for our lab 
conditions. Previously, the transformation efficiency in lab condition 
ranges from 10-9 to 10-3 (Piers et al., 1995) or 10-8 to 10-6 (Bundock et al., 
1995). Our protocol has the transformation efficiency of about 10-6 to 10-4, 
this efficiency is relatively suitable for comparison of different strains and 
evaluating the effects of host factors to transformation process. Many 
studies have identified host genes that affect Agrobacterium-mediated 
transformation (Gelvin et al., 2000). Therefore, by evaluating the outcome 
(transformation efficiency) of AMT in mutant strains, we try to 
preliminarily understand the effect of particular host gene or protein to 
transformation process. 
In this study, I mainly focus on Trk1 protein and its effect on AMT in 
yeast, and use other proteins for supporting information. I used the deletion 
mutant strains from Open Biosystems in which the target genes were 
replaced by selection marker, producing the phenotype with no particular 
proteins. Previous studies have shown that although Trk1p is a high-affinity 
potassium uptake protein, trk1 gene is not essential, the deletion mutant 
strain still can grow normally in medium with potassium concentration 
from 1mM (Gaber et al., 1988; Ko et al., 1990; Ramos et al., 1994; Adam 
Bertl et al., 2003). I have observed that the trk1 mutant strain have the 
40 
 
growth rate almost similar to the WT both in YPD and SD liquid medium, 
the colony forming pattern on plate expressed no difference in rate and size.  
Performing AMT with trk1 deletion mutant strain, my first data 
showed that this strain expressed severe defect of transformation capacity. 
There was no colony observed after 4 days of transformation on Trk1- 
selection plate while the recovery plate grew normally (Table 3.2). 
Although after about one week or more, there were some tiny colonies 
appeared, the number was not relatively high enough to changes statistical 
data. The overall transformation efficiency of the Trk1- mutant strain was 
almost zero. This first observation was not by chance and was confirmed by 
following experiments, the transformation efficiency of Trk1- mutant strain 
was always undetectable. This phenomenon definitively proved that Trk1- 
mutant strain was unable to be transformed by AMT method. The relatively 
unsuccessful AMT in Trk1 deletion mutant strain was possibly resulted 
from the lack of Trk1 protein in mutant cell membrane or defect in 
potassium uptake. It also supposed the significant role of Trk1 protein 





Table 3.2. Transformation efficiency of Trk1- mutant. 




144 605 2.380 
139 512 2.715 
207 710 2.915 
196 596 3.289 
71 441 1.610 
Trk1- 
0 188 0 
0 236 0 
0 161 0 
0 185 0 
0 211 0 
AMT with Trk1- mutant and the WT was performed together with five 
times replication. Colonies were counted 4 days after transformation, 
selection colonies were counted under UV light, only GFP-expressed 
colonies were counted. Recovery number result from 104 times dilution. 
 
Trk1p is the most effective potassium importer in yeast. When there 
is no Trk1, the cells have to rely on other potassium transporter Trk2p and 
other exchangers. However, other transporters all together cannot help cells 
to survive under very low potassium concentration. Trk1 deletion cells 
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requires medium with potassium concentration higher than 1mM (Ko et al., 
1990; Ramos et al., 1994). Trk1p is also the biggest protein among 
potassium transporters. Therefore, Trk1p deletion can cause considerable 
changes in potassium requirement, might be in cell membrane structure as 
well. Studies of other potassium transporter mutation have revealed that, 
single mutant strains Trk2-, Tok1- and double mutant strain Trk2-Tok1- 
required the same level of potassium concentration from 0.1mM while 
double mutant strain Trk1-Trk2- or Trk1-Tok1- required ten times higher 
potassium concentration from 1mM (Adam Bertl et al., 2003). Through 
that, we can see that Trk1 deletion caused more severe defect. That defect 
may lead to the failure in AMT of Trk1 deletion mutant.  
3.3.2. Recombinant Trk1 can recover the AMT efficiency of 
Trk1 deletion mutant. 
I did confirm that there was no detectable transformant from Trk1 
deletion mutant strain in the AMT method. In order to further understand 
whether the existence of Trk1 protein is really important for AMT to be 
successful, I conducted AMT with two different recombinant strains. One 
is the strain ordered from Open Biosystem, which carries plasmid encoding 
for fusion protein of Trk1 and 6xHis, protein A Tag (see list of plasmid, 
Chapter 2). Another strain was constructed with no tag fusion using 
common yeast promoter and terminal. 
Construction of Trk1 recombinant strain.  
Plasmid backbone pHT105 was adapted from Mr Tu Haitao research 
(see list of plasmid). This plasmid had 2μ replication, selection marker 
URA3, and yeast common promoter pADH1 and terminator tADH1. 
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Genomic trk1 gene was cloned by running PCR with 2 primers TO105-2F 
and TO105-2R (see list of primers, Chapter 2) and inserted into pHT105 
backbone by using restriction enzyme BamHI. The construct was then 
transformed into E. coli DH5α cells for selection and cloning. Correct 
construct was confirmed by sequencing (using sequencing primers, chapter 
2). The construct was introduced into yeast cells by LiAc transformation 
method. 
Both recombinant strains can partially recover the AMT efficiency of 
Trk1 deletion mutant. 
The AMT efficiency data (Fig 3.2) showed that both of the Trk1 
recombinant strains had a recovery of AMT efficiency. The strain with 
pHT105-Trk1 had the efficiency nearly half of the WT’s (Fig 3.2A). This 
data indicated that, the presence of Trk1 recombinant protein recovered the 
transformation ability in the deletion mutant cells. Not only in previous 
section, was the transformation of Trk1 mutant in this experiment also 
undetectable.  Although we are still not sure about the mechanism of how 
Trk1 affected transformation, we can confirm about its significant role in 
AMT by the recovery of transformation efficiency in complementary strain. 







Figure 3.2: Transformation efficiency of recombinant strains 
A. pTrk1: Trk1 ORF under yeast promoter 











































was probably the increase of potassium level and/or the relatively rapid 
current of potassium ion provided by Trk1 protein. We have known that the 
trk1 deletion strain still can uptake potassium with moderately speed, and 
require medium with higher concentration of potassium to be able to 
uptake. The presence of Trk1 recombinant protein in the deletion strain 
might not be totally effective as in the WT, however, it still could function 
normally and help the deletion cells recover the ability of potassium uptake 
as well as the rapid current. Therefore, although the efficiency was still 
lower than the WT’s, Trk1 recombinant protein helped the deletion cells 
become transformable again. So now, through this finding, I can confirm 
that Trk1 protein does play a very important role in Agrobacterium-
mediated transformation in yeast. 
To do AMT with the strain has Trk1 fusion protein under GAL1 
promoter, I used the co-cultivation medium (CM plates) made from 
galactose instead of glucose with the identical concentration of sugar and 
other components. Other medium were also used galactose to ensure the 
expression of Trk1 fusion protein because the GAL1 promoter is totally 
turn off in the present of glucose (strain usual manual) The data in Fig 3.2B 
showed that, with glucose-based medium, the transformation efficiency of 
the complimentary strain was as low as the trk1 deletion strain. In opposite, 
with the galactose-based medium, the transformation efficiency of 
complimentary strain was relatively high, even higher than the WT’s. 
These data one more time showed that, the present of Trk1 protein really 
could recover the transformation efficiency.  
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As in glucose-based medium, the GAL1 promoter was not induced, 
there was no Trk1 fusion protein in recombinant strain. Thus, we can 
assume that the status of recombinant strain on glucose-based medium is 
similar to the deletion strain. That could explain why it had extremely low 
transformation efficiency (Fig 3.2B). I did detect very few colonies of 
transformant (1 to 3 colonies), however, the number was not significant 
enough to change statistical data. In the other hand, the phenomenon 
changed on galactose-based medium where GAL1 promoter was turned on 
and Trk1 fusion protein expressed. The transformation efficiency on 
galactose-based medium of recombinant strain was higher than WT’s (Fig 
3.2B). This can be explained similarly as in previous recombinant strain, 
Trk1 protein presented, it helped to recover the transformation efficiency. 
Nevertheless, the Trk1 protein here was a fusion protein with a quite long 
tail-tag of 154 amino acids length. Thus, besides the difference of 
expression level, the Trk1 fusion protein might not function exactly similar 
to endogenous Trk1 protein. In fact, we still can believe that it did function 
correctly with the evidence of high transformation efficiency recovered. 
Moreover, the expression of Trk1 fusion protein was higher than the 
endogenous Trk1 in WT because of GAL1 promoter, which was highly 
expressed under galactose induction. The higher level of Trk1 protein could 
lead to more effective of uptake activities as well as more current of 
potassium ion into yeast cells and those might be helpful for transformation 
process. And that could be the explanation for higher efficiency comparing 
to the WT’s efficiency on galactose-based medium. 
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The WT transformation efficiency in this experiment experienced a 
decrease in galactose-based medium compare to glucose-based medium. 
This phenomenon can also be explained by potassium transport in an 
indirect relation. Yeast cells can survive on various type of sugar resource 
because they have some carbohydrates transporter such as Hxt1,2 for 
transporting hexose, Mal family for transporting maltose (Ozcan et al., 
1999; Charron et al., 1986). However, glucose was seemed to be the most 
suitable carbohydrates resource for yeast based on the fact that on glucose 
medium, yeast can stand for higher stresses than other medium. Yeast cells 
can survive on medium with 2μM potassium concentration only when that 
is glucose-based medium (Rodriguez et al., 1971; Ramos et al., 1985). 
Similarly, on glucose-based medium, yeast also can stand for NaCl stress 
up to 2M (Wadskog et al., 2003). The relation of potassium uptake and 
sugar transport is through Pma1. Trk1 protein is the membrane potential 
consumer, it need the energy generated form proton pumping activities of 
Pma1 (Gaber et al., 1988; Ko et al., 1991). And Pma1 activities were 
suggested to be activated by glucose (Serrano et al., 1978, 1983, 1986), 
thus glucose could be considered as a supportive factor for Trk1 activities. 
In other words, Trk1 cans act more efficiently in glucose-based medium 
than galactose-based medium. So, from all of those, I might suggested that 
on galactose-based medium in this experiment, in the WT cells, the 
activities of Trk1 protein were not as efficient as in glucose-based medium 
and it resulted in the decrease of transformation efficiency in galactose-
based medium. Obviously, galactose-based was not a desirable medium so 
that it could not change the transformation efficiency in trk1 deletion strain. 
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The phenomenon in the recombinant strain with Trk1 fusion protein was 
different with the increased efficiency, however, this can be understood by 
the fact that the level of trk1 protein was potentially high.  
In summary, through this section, we can see that the present of Trk1 
protein was very important for transformation by AMT method, both 
recombinant strains showed recovery in transformation efficiency. Besides 
that, the factor that affect Trk1 activities (here was the support of glucose) 
also can affect transformation efficiency. This would be addition for the 
hypothesis of centre role of Trk1 activities in Agrobacterium-mediated 
transformation. 
3.3.3. Trk1 mutant did not affect the transformation by LiAc 
method. 
After confirming that no transformed-cell was detected from Trk1 
mutant strain in AMT method, I used other transformation method to check 
whether this phenomenon is specific for AMT or not. It was also in order to 
find out the possible reason for the defect of Trk1 mutant in transformation 
by AMT method. LiAc method is a highly effective transformation method 
that was first developed by Ito in yeast (Ito et al., 1992). Our method was 
based on recently protocol of Gietz (Gietz et al., 2007). The transformation 
process is the introduction of naked plasmid into yeast cells by chemical 
and physical means. The LiAc was found to enhance the plasmid uptake by 
increasing the porosity of yeast cell wall while PEG play role in 
concentrating plasmid and carrier DNA to the surface and weakening the 
cell wall (Gietz et al., 2007). In this experiment, I used the same plasmid 
pHT101 in A. tumefaciens used in AMT method. However, since this 
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method used chemical substances and heat shock to deliver DNA, no 
involvement of transport proteins, coating protein VirE2, and targeting 
protein VirD2, the difference of the transformation outcome would be 
specific for each method.  
My result showed that instead of undetectable transformation 
efficiency in AMT method (Fig 3.3A), the transformation efficiency of 
Trk1 mutant was just slightly lower than the WT’s in LiAc method (Fig 
3.3B). This indicated that the deletion of Trk1 did not affect the 
transformation efficiency by LiAc method. In other words, Trk1p might not 
play a role in transformation by LiAc method. As discussed above, this 
result can be explained by the differences of the two transformation 
methods. While AMT is a biotic process that recruits many transporters and 
helper proteins to deliver DNA (coated by proteins), LiAc method is an 
abiotic process that involves chemical and physical interaction to make the 
cells susceptible to receive naked DNA. The role of LiAc was to increase 
the permeability of yeast cell wall and PEG was to enhance the attachment 
of DNA to cell membrane (Chen et al., 2008), the heat shock together with 
DMSO was stated to facilitate the nuclear importing of DNA. Since the cell 
membrane structure (the occupying place of Trk1) was disrupted to enable 
the entering of DNA at the first stage, the WT might not differ to the 
mutant in the lacking of Trk1 and its activities. Therefore, the entering 
stage of DNA into yeast cells would not different between two strains and 
it might be one reason for similar transformation efficiency. The other 
reason might be that the deletion of Trk1p did not affect DNA nuclear 




Figure 3.3: Transformation efficiency of WT and Trk1 mutant strain 
in two methods  
(A) Agrobacterium-mediated transformation; (B) LiAc 
 
transformation by LiAc method depend mainly on the fate of the DNA 
inside the cytoplasm or nucleus, where Trk1 activites might have no effect 
on DNA targeting and expression, thus the transformation efficiency was 
not reliant on Trk1 activities. 
Besides concluding that Trk1p mutant did not affect transformation 
efficiency by LiAc method, it also suggested that the effect of trk1 mutant 
on transformation by AMT method might be in the DNA entering stages. 
We have known that the AMT efficiency not only depend on the fate of 
DNA inside yeast cells (the inside stages) but also strongly depend on the 
entering stage of DNA. Although the inside stage of DNA in LiAc method 
is not totally similar to AMT method, but in both method, the DNA use the 
same expression system of yeast cell. Moreover, it was suggested that the 
T-DNA transformed from A. tumefaciens might re-circularize inside yeast 
cells, so that it could have the same expression pattern as the plasmid 






































stages of DNA in two methods were similar (in some points). Including the 
finding that Trk1 mutant have no effect in LiAc transformation method (as 
well as the inside stages), I could suggest that the effect of Trk1 mutant in 
AMT method was in the early stages. 
3.3.4. Trk1 mutant were not defective in GFP expression and 
VirD2 nuclear targeting. 
Confirming that Trk1 mutant strain can be transformed by LiAc 
method as WT, I conducted experiments using this method to investigate 
the expression pattern of gene on T-DNA and the nuclear-localizing ability 
of targeting protein-VirD2. Based on the observation of previous 
experiment that the transformation efficiency of WT and Trk1 mutant was 
not significantly different, I want to check whether it was due to the same 
phenomenon of gene expression level or not. To do that, I used construct 
adapted from Mr Lowton’s research, which had the GFP gene under Gal1 
promoter (inducible by galactose) (see list of plasmid). By comparing the 
GFP expression time and level between the WT and Trk1 mutant, I can 
understand the pattern of T-DNA expression inside mutant strain. After 
transforming yeast with the plasmid using LiAc method, the transformed 
yeast cells were growth in SD Ura- liquid medium prior to induction by SD 
Ura- Gal/Raf medium in certain time periods. After induction, the yeast 
cells were collected and observed using fluorescence microscopy.   
Besides that, the targeting ability of VirD2 protein is a critical factor 
that lead to successful of transformation in AMT. VirD2 is bind to the 
terminal of T-DNA and help T-DNA localize into cell nuclear. The nuclear 
leading sequence of VirD2 protein plays role in entering nuclear through 
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nuclear pores, thus drive the T-DNA into yeast nucleus (Gelvin et al., 2000, 
2003). To check nuclear localization ability of VirD2, I introduced the 
fusion protein GFP׸VirD2 into yeast cells (see plasmid list). The procedure 
was the same as using GFP construct.  
The GFP expression pattern in WT and Trk1 mutant were shown in 
Fig 3.4A. The figures showed that both WT and Trk1 mutant had GFP 
expression at the same time (after 4 hrs induction) and the level of 
expression was similar. Furthermore, the percentage of cells had GFP 
expression were not significantly different between WT and Trk1 mutant 
(Table 3.3). With longer induction time, the number of cells had GFP 
expression increased in both WT and Trk1 mutant at same rate and amount. 
As expected, the GFP gene on T-DNA expressed the same pattern in WT 
and Trk1 mutant. This result showed that, the gene on T-DNA could be 
expressed normally in Trk1 mutant. This phenomenon can be explained by 
the finding from previous sections that the lost of Trk1 protein did not 
affect LiAc transformation efficiency. It might due to the same reason that 
the defect of potassium uptake to transformation was not in the inside 
stages of T-DNA. It was confirmed that without Trk1 protein, yeast cells 
still can growth normally in medium with sufficient potassium ion 
concentration (Gaber et al., 1988; Ko et al., 1990; Ramos et al., 1994; 
Adam Bertl et al., 2003). Therefore, the expression of gene on T-DNA, 
here was GFP, might not require strictly concentration of potassium and 



























Figure 3.4: GFP expression (A) and VirD2 nuclear localization (B) in WT and Trk1 




Table 3.3: Percentage of cells with GFP expression 
GFP  WT Trk1-  
Time No of 
Cells  
GFP % No of 
Cells  
GFP  % 
0hrs 93 0 0.0 145 0 0 
2hrs 79 0 0.0 23 0 0 
4hrs 240 12 5.0 500 12 2.4 
8hrs 215 52 24.2 190 28 14.7 
12hrs 225 105 46.7 186  86 46.2  
 
Table 3.4: Percentage of cells with VirD2 localized in nucleus 
VirD2  WT Trk1-  
Time No of 
Cells  
VirD2 % No of 
Cells 
VirD2  % 
0hrs 17 0 0.0 33 0 0 
2hrs 40 0 0.0 48 0 0 
4hrs 23 1 4.3 41 1 2.4 
8hrs 43 4 9.3 66 5 7.6 




However, the GFP protein was just a reporter; it was not a protein 
that can help the transformed cells survive on selection plates. Thus, the 
expression of GFP in this experiment could not represent for T-DNA 
expression in AM T method. Through this experiment we just can conclude 
that, when T-DNA was successfully transformed in to yeast cells (in this 
experiment, I used LiAc-transformed cells) some genes on T-DNA can 
express normally in Trk1 mutant cell with the same pattern as in the WT. 
Another thing that I can hypothesis from this experiment was that the 
difference might lie on the expression system for particular genes and/or 
the maturing of gene products. When transferred into yeast cells, the genes 
on T-DNA recruit the expression systems of yeast cells to synthesize their 
proteins. Each gene has different promoter with different expression 
pattern. In this experiment, the GFP gene was under GAL1 promoter, 
which is highly expressed when induced by galactose. While in AMT the 
GFP and the LEU gene were under yeast promoter and would surely have 
different expression pattern from the GFP gene in this experiment. 
The localization of VirD2 in WT and Trk1 mutant was shown in 
Fig3.4B. As we can see that, the Trk1 mutant expressed the similar 
phenomenon as the WT. The VirD2 protein expressed during induction and 
started to localize inside the nucleus at the same time point (4 hours) in WT 
and Trk1 mutant cells. The number of cells that have VirD2 localized 
inside their nucleus was not considerably different between in WT and 
Trk1 mutant (Table 3.4). These indicated that VirD2 protein was able to 
normally localize into Trk1 mutant cells as in WT. So, the deletion mutant 
of Trk1 also did not affect the ability of localization of VirD2 protein. In 
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other words, the localization of VirD2 protein might not dependent on 
potassium concentration of Trk1p activities. In this experiment, VirD2 
attached to the N-terminal of GFP protein, comparing to AMT, where 
VirD2 attached with VirE2-coated T-DNA, we might assume that VirD2 
carried the similar cargo in its tail in both cases. So, the localization ability 
of VirD2 in AMT might also not be affected by Trk1 activities. However, 
there was still a difference here, it was the munber of VirD2 protein. In this 
experiment, VirD2 coding gene was under Gal1 promoter, which is highly 
expressed when induced. Moreover, the plasmid could self-multiply inside 
yeast cell, so that the expression level of VirD2׸GFP fusion protein could 
be high during induction period, and they were proteins synthesized by 
yeast cell. While in AMT, there is usually one T-complex in each yeast 
cell, the VirD2 protein, a foreign protein, is highly under degradation 
threat. Therefore, the VirD2 fusion protein in this experiment might have 
many copies and there were more chances for them to localize into the 
nuclear.  
In summary, through this section, I have found that in Trk1 mutant 
cells, some genes on T-DNA transferred inside yeast cells could express 
normally and the VirD2 protein could localize inside the nucleus as in the 
WT. Thus, the mechanism of Trk1 affecting AMT might not lay on T-DNA 
gene expression or VirD2 localization abilities. 
3.3.5. The role of proteins interact with Trk1p in AMT 
From above parts, I suggested two possibilities causing the dramatic 
decrease of AMT efficiency of Trk1 deletion mutant strain: the lacking of 
Trk1 protein and its activities and the defect of potassium uptake level. I 
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also stated that the mutants of other potassium transporters support the 
hypothesis of potassium-uptake defect decrease the AMT efficiency. In 
other words, potassium ion may influence the AMT efficiency. However, in 
this part, I would try to find out whether the lacking of Trk1 protein and its 
activities really affect the AMT efficiency or not. Hypothetically, the 
proteins that can suppress or facilitate Trk1p activities may result in 
changes of AMT efficiency when mutated. To verify that, I study the AMT 
of other proteins those regulate Trk1 activities. 
Many studies have found a very complex network of protein 
interaction that Trk1p involved. It comprises of many kind of proteins, 
phosphatase, kinase (Fig 3.1). Those proteins can be divided into two 
distinct groups: positive and negative regulation. There are two negative 
regulators that have been intensively studied: Ppz1 and Sky1. Ppz1 is a 
phosphatase protein that directly interacts with Trk1p (Lynne Yenush et al., 
2005). There was no clear evidence that Trk1p was de-phosphorylated by 
Ppz1, however, Ppz1 was found to be associated with and physically 
interact with Trk1p. Moreover, the phosphorylation of Trk1p was increased 
in Ppz1 mutant, and it was also suggested to regulate pH-responsive, H+, 
K+ homeostasis via regulating Trk1p. In opposite way to Ppz1, Sky1 is a 
kinase negative regulator of Trk1p. It was suggested that sky1p might act 
via signalling pathway or kinase activities at translation or transcription 
level to regulate Trkp activities. And there was clear that the mutation of 
Sky1 can cause increase of K+ uptake by Trk1 (Forment et al., 2002).  
There are many proteins whose activities are supportive to Trk1p 
such as Pma1 and Hxt1,2  in yeast. In this study I mentioned one complex 
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of kinase that directly phosphorylate and regulate Trk1 activities, 
Hal4/Hal5 system. This system has been found to play an important role in 
stabilizing Trk1p and help Trk1p maintain in plasma membrane (Pérez-
Valle et al., 2007). Recently, Hal5 was identified to be involved in 
regulation of Trk potassium transport by Calcineurin pathway. It was 
suggested that Calcineurin pathway regulate Trk1 activities via regulating 
hal5 expression and Hal5p also help Trk1p in trafficking (Casado et al., 
2010).  
Comparing AMT efficiency of those two groups (Fig 3.5), they are 
quite supportive to my hypothesis. First, the repressor (Sky1) mutant strain 
showed higher efficiency compare to the WT (more than 3 folds)(Fig 
3.5A). As mentioned above, potassium uptake by Trk is increased in Sky1 
mutant strain, so that is the possible cause of increasing efficiency. Second, 
the supporter (Hal4, Hal5) mutants showed lower efficiency compare to the 
WT (about 10 times, Fig 3.5B). Probably, these result due to the instability 
then reduction in transport activities of Trk1p in mutant cells. These result 
suggested that the suppression or expression of Trk1 transport activities 
could lead to the changes in transformation efficiency. In other words, Trk1 























































3.3.6. Transformation efficiency of other potassium 
transporters 
The AMT of other potassium transporters (Table 3.3) data showed 
that Trk2, Nha1, Kha1 deletion mutant expressed the same pattern with 
Trk1 one. The AMT efficiency of those mutants of potassium importers 
and exchangers were 2 to 5 times lower than the WT’s. It was consistent 
with those mutant phenotypes. We had known that the deletion mutant of 
Trk2p reduced the ability of potassium uptake of yeast cell (cells require 
higher concentration of potassium in medium), although the reduction was 
not as strong as the Trk1 deletion mutant (Adam Bertl et al., 2003). Here I 
observed that the Trk2p mutant also reduced the transformation efficiency, 
and again, the reduction was not as strong as the Trk1 mutant. In addition, 
other K+ exchangers mutants also had the same low transformation 
efficiency as the Trk2 mutant. Clearly, there is a trend of minor reduction 
of potassium-uptake ability lead to minor reduction of AMT efficiency. 
Table 3.5: Transformation efficiency of potassium transporters in 
yeast 
Strain BY4741 Trk1- Trk2- Tok1- Kha1- Nha1- 
Efficiency 
(x10-5) 
1.026 0 0.189 7.51 0.495 0.643 
Fold change 1 NA (-) 5.4 (+) 7.3 (-) 2.1 (-) 1.6 
Efficiency: average of 5 times replication. 






In other words, Trk1 deletion caused the most severe defect so that 
its mutant had the lowest AMT efficiency, Trk2 and other exchangers when 
mutated caused less severe defect thus their mutants’ AMT efficiency 
reduced (compare to the WT’s) less than Trk1 mutant’s. This observation 
raised the hypothesis of relation between potassium uptake ability and 
AMT efficiency.  
I supposed that the defect of potassium uptake caused the reduction 
in AMT efficiency. The causes may be the insufficient amount of 
potassium or the weak importing activities. Scientists just knew that the 
mutant strains require higher potassium concentration to survive, however, 
the speed and mechanism of transporting activities have not been clear. In 
these experiments, I observed that the growth rate of all mutant strains were 
quite similar to the WT in all kind of medium. Therefore, I suggest that the 
reduction of AMT efficiency can be answered by the reduction of 
potassium amount transported and/or the weak, slow transporting activities 
of the mutant strains. The role of potassium concentration will be discussed 
in next chapter.  
Interestingly, I found that the Tok1 deletion mutant had quite high 
AMT efficiency compare to the WT’s, about more than 7 times higher 
(Table 3.5). Previously, we knew that Tok1 is a potassium exporter and it 
acts in opposite way to Trk1p and Trk2p (Ketchum et al., 1995). It was 
reasonable that Tok1 deletion mutant also expressed in opposite way to 
Trk1 mutant in AMT. It means that mutation in potassium exporter can 
increase the AMT efficiency, while mutation in importers can decrease the 
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AMT efficiency. This observation one more time emphasizes the 
hypothesis of important role of potassium in AMT. 
3.4. Conclusions 
Through this chapter, I have found that Trk1 deletion caused severe 
defect in transformation efficiency. Combine together with the data from 
complementary study, which showed recovery in transformation efficiency 
in recombinant strains, I suggested that Trk1 protein have a very significant 
role in Agrobacterium-mediated transformation process. In the other hand, 
the Trk1 deletion mutant strain showed no defect in LiAc transformation 
process, T-DNA gene expression and VirD2 protein was still able to 
localize into nucleus in mutant cells. These data suggested that the effect of 
Trk1 protein on Agrobacterium-mediated transformation was at the early 
stages of the transformation process. 
Mutation in other potassium transporters also showed changes in 
transformation efficiency when compared to the WT. The phenomenon in 
Tok1 mutant was opposite to Trk1 mutant, suggesting that the potassium 
ion level and/or the movement of potassium ion across the membrane also 
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Chapter 4 . Agrobacterium-mediated transformation in 
different conditions 
4.1. Introduction 
In the previous chapter, I found that the deletion of Trk1p made the 
yeast cells cannot be transformed by Agrobacterium-mediated method and 
suggested the hypothesis of centre role of Trk1 protein in AMT. The data 
of complementary study, reversed transport (Tok1p) and regulating factors 
were all supported this hypothesis. Besides that, many other medium 
factors also have impacts on potassium transport activities such as, 
potassium and salt concentration, sugar resources. Therefore, those factors 
can also affect transformation efficiency. To verify that, in this chapter, I 
conduct experiments of AMT with different condition of ion concentration 
to find out how the outside factors affect transformation. 
4.2. Agrobacterium-mediated transformation in different 
K+ levels 
We have known that the deletion of Trk1p caused a huge change in 
potassium level requirement of yeast cells, the mutant cells required much 
more higher potassium concentration to survive (hundred time higher) (Ko 
et al., 1990; Ramos et al., 1994). And yeast cells then have to rely on low-
affinity transport of Trk2p and some other non-specific transporters, all of 
which have relatively low level and slow transport. Those facts suggested 
that if we can supplement the medium with enough potassium, we can 
somehow recover the defect of potassium level caused by Trk1p deletion 
by making it easier for others transporters. There was finding that Trk1 
mutant strain can grow only on medium with potassium concentration from 
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1mM and normally as WT at potassium concentration of 10 to 100mM 
(Bertl et al., 2003). Based on that, I prepared a set of medium for AMT 
with the supplement of different concentration of KCl and did 
transformation with WT and Trk1 deletion mutant strain. 
The data in Fig 4.1 showed that, the potassium concentration in 
cultured medium did affect the transformation efficiency in both WT and 
trk1 deletion strain. In WT, we can see an overall decrease of efficiency 
and at 250mM potassium added, the transformation was blocked. In trk1 
deletion strain, although the transformation was also blocked at 250mM 
potassium added, it did show an interesting increase to about 0.15.10-5 at 
25mM and 50mM potassium added  before decreased at 100mM. However, 
to make it easier to discuss, I want to split into two parts, first at 25 and 
50mM potassium added; and second at 100 and 250mM potassium added. 
At normal concentration, the result was not different to other experiments. 
First, at 25 and 50mM potassium added, these concentrations seemed 
to be a potentially good condition for AMT. The transformation efficiency 
in WT was decrease, however, it was slightly downward and still in 
variation range of all my experiments. In spite of that, we still cannot deny 
the fact that the higher potassium concentration started having negative 
effect on transformation in WT. The most important finding here was the 
increase of efficiency in trk1 deletion mutant.  Although the increase was 
not so high, still ten times lower than the WT, these changes were 




Figure 4.1: Transformation efficiency of WT and Trk1 deletion strains 
in different potassium concentrations. Each set of yeast medium 
including co-cultivation medium was supplemented with particular KCl 
concentrations. The transformation efficiency is the average of three times 
replication for each sample. 
 
 
there had never been any transformant detected from Trk1 deletion strain. 
Therefore the increase of efficiency of trk1 deletion strain here was really 
promising. It suggested that the potassium concentration of culture 
environment really have impacts on transformation efficiency. And at 25, 
50mM potassium added, these higher than normal concentration had 
positive impacts on transformation. The possible mechanism for this was 
the easy condition for potassium uptake from that amount of potassium 
added. Cells lack of trk1 protein could not uptake potassium as effectively 
and rapidly as WT because other proteins’ ability of transporting potassium 



























potassium concentration is in the medium, the more potassium was uptake 
by unknown mechanisms in potassium transporter mutant cells. When 
supplement more potassium in culture medium, the single mutant of trk1∆ 
or trk2∆ or double mutant can have the potassium uptake and growth rate 
increase nearer to WT (Ko et al., 1991; Ramos et al., 1994; Bertl et al., 
2003).Thus by providing more potassium in outside environment, the trk1 
deletion cells can uptake potassium more easily. To sum up, I might 
suggest that, an addition of adequate concentration of potassium could be 
the positive factor for transformation by AMT method.  
Second, at 100 and 250mM potassium added, transformation 
efficiency was decreased in both WT and trk1 deletion strain. At 100mM 
potassium added, the efficiency of both strains was extremely low, WT 
strain experienced a more than 20 folds decrease while in Trk1 mutant was 
10 folds decrease. And at 250mM potassium added, transformant was not 
detected from both strains. These data indicated that excess potassium in 
medium can cause negative effect on transformation efficiency. Normally, 
the concentration inside yeast cells is 100 to 1000 times higher than the 
outside environment, however, if the outside concentration increase, it does 
not mean that the uptaking activities of cells can increase all along the way. 
Studies have shown that high potassium concentration, the concentration of 
potassium inside WT yeast cells was still remain at a balance of about 
250mM similar to low concentration (Ramos et al., 1990; Ferrando et al., 
1995). Yeast cells can stand for high potassium concentration but it is still a 
stress to cell growth. Under high potassium concentration (in this 
experiment was above 100mM) the stress did not affect the growth of cell 
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but it might be not easy for transformation process. Possibly, some physical 
characteristic of yeast cells were affected by high potassium stress such as 
cytoplasm pH, osmotic pressure, membrane potential, and those defect 
might suppress transformation process. The mechanism here was not so 
clear, however, we can see that high potassium concentration (above 
100mM) could cause severe effect to AMT. 
In summary, through this section, we can see that potassium 
concentration in culture medium also play a role in AMT. The effects of 
potassium concentration on transformation efficiency varied at different 
concentration. At some concentration (around 25 to more than 50mM) it 
might be positive effects, while at higher concentration of above 100mM it 
acted as a strong prevention. The mechanism was not clearly understood, 
however, this finding revealed a candidate for regulation and optimizing the 
transformation conditions. 
4.3. Agrobacterium-mediated transformation under NaCl 
stress 
Sodium is not an important ion to yeast cells, in fact, the requirement 
of sodium for cell growth in yeast is not strict (Camacho et al., 1981). 
However, sodium is an important factor in environment that can affect to 
all organisms on osmotic pressure, electric balance, and ion homeostasis. In 
yeast, the transport activities of sodium are related to potassium and can 
affect in some manners. While the intracellular concentration of potassium 
can be kept at balance level, the concentration of sodium can vary depend 
on extracellular concentration. It was kept at low level inside cells on basal 
medium and increased follow the increase of outside sodium concentration 
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(Camacho et al., 1981; Gomez et al., 1996). And when the intracellular 
concentration of sodium increase due to accumulation of sodium from high 
extracellular concentration, the ratio of Na+/K+ increase and become more 
toxic to the cells (Camacho et al., 1981; Gomez et al., 1996). Camacho 
(1981) stated that, at concentration of 0.2mM K+ and 50mM Na+ outside, 
cell growth was inhibited, and because cells were not damaged (e.g. by 
osmotic pressure) so that the inhibition of growth could be explained by 
sensitivities of cells to high ratio of Na+/K+ . Sodium ions also have toxic 
effect on yeast proteins such as Hal2p (Murguia et al., 1995, 1996); 
Gcn2,4p (Goossens et al., 2001). Interestingly, the inhibition of Hal2p 
activities can be reduced by increasing intracellular potassium 
concentration, this was further confirming that the ratio of Na+/K+  was a 
more important toxic factor than the extracellular concentration (Murguia 
et al., 1995, 1996). Therefore, under NaCl stress, yeast cells have some 
mechanisms to maintain the intracellular ratio of Na+/K+ in range of 




Figure 4.2: Transformation efficiency of WT and Trk1 mutant in 
different NaCl concentrations. NaCl was added with particular 
concentrations in all yeast medium including co-cultivation medium. The 




As long as the high ratio of Na+/K+ can be toxic to yeast cells, mutant 
in potassium uptake strain appear to be highly sensitive to NaCl stress 
because when potassium uptake is defected, the ratio can highly increase 
with just a small increase of sodium concentration. This scenario was 
mention earlier that mutation in trk1,2 transporter decreased NaCl tolerance 
of yeast cells (Ko et al., 1991). In order to check whether the high NaCl is 
toxic to AMT or not, I performed AMT with set of medium supplemented 
with 50mM and 100mM of NaCl. The transformation data was shown in 
Fig 4.2. 
The data from WT (Fig 4.2) showed a sharp downward trend of 
























clearly indicate that addition of NaCl can repress transformation. It was 
consistent with the finding of toxicity of NaCl to yeast cells. When NaCl 
was added in medium, the intracellular concentration of Na+ could increase 
while the concentration of potassium still remain, thus the Na+/K+  ratio 
would then increase and become harmful to transformation. Since the 
addition of NaCl was cruel to transformation, it was apparent that the 
transformation in Trk1 deletion strain remained undetectable in this 
experiment.  
There are some proteins can transport sodium in yeast such as 
exporter Ena1p and Nha1p. Sodium can be uptake by many different ways, 
through non-selective channel NSC1, by vacuole, and some others non-
specific transporters. The importing of sodium was belief to share the same 
mechanism with potassium in requirement of membrane potential. The 
evidence of that is the presence of two proteins that can transport both 
sodium and potassium, Nha1 and Kha1. Although the exact mechanism of 
ion transport of these transporters was not clearly unveiled, they were 
suggested to be Na+(K+)/H+ exchangers (Fig 3.1). They can select between 
sodium and potassium to transport in different condition.  In order to check 
whether those transporter have effect on Agrobacterium-mediated 
transformation or not, I performed transformation of Nha1 and Kha1 knock 






Figure 4.3: Transformation efficiency of WT and mutants in normal 
and addition of 50mM NaCl conditions. 50mM of NaCl was added in all 
yeast medium used including co-cultivation medium. The transformation 
efficiency is the average of three times replication for each sample. 
 
 
The data in Fig 4.3 showed that the Nha1 and Kha1 mutants had 
different transformation efficiency from the WT in both normal and 50mM 
NaCl added conditions. Comparing to the WT, the Nha1 and Kha1 mutants 
have lower transformation efficiency in normal condition. The lower level 
was not quite remarkable (about half and less) in comparison with about 5 
folds lower in trk2 mutant. This phenomenon articulate the fact that Nha1 
and Kha1 are not specific for potassium transport so that cells lack of them 
have no significant change in transformation efficiency.  
Surprisingly, the transformation efficiency of Nha1 and Kha1 mutants 


























The transport mechanisms as well as the effects on ion homeostasis when 
mutated of Nha1 and Kha1 have not been clearly understood yet. 
Therefore, it was impossible to confirm how this phenomenon happened.  
As discussed above, when the extracellular concentration of sodium 
increase, the intracellular level also increase following that. In this case, the 
mutant cells were lack of Nha1 or Kha1 exchangers, thus were unable to 
export exceed sodium in order not to increase the Na+/K+ ratio. Cells might 
have to use other mechanism such as increase the uptaking of potassium to 
remain Na+/K+ balance. Therefore, with the increase of potassium uptake, 
the transformation process might be facilitated and resulted in higher 
efficiency.  
Instead of findings in Nha1 and Kha1 mutants, the transformation 
efficiency of WT, trk1 and trk2 deletion strains did not changed in different 
sodium concentration. The transformation efficiency of the WT in 50mM 
NaCl addition condition in this experiment (Fig 4.3) did not conflict with 
the previous data (Fig 4.2) if we look at the number, both of them were 
around 1.10-5. With these data, we have not been able to confirm about the 
effect of sodium on Agrobacterium-mediated transformation process. The 
effect was minor and present only in certain conditions. More experiment is 
needed to verify the effect of sodium transport and sodium ion on 





Through this chapter, I have proved that the ion concentration in 
culturing medium had some effect on Agrobacterium-mediated 
transformation. Both potassium and sodium ion extracellular concentration 
have positive and negative effects. The effects were depending on certain 
conditions with different extracellular concentration of potassium and 
sodium. Although the changes in transformation efficiency were not very 
big, these data established some preliminary data, which would be valuable 
for identifying important environment factors that affect Agrobacterium-
mediated transformation.     
 




Chapter 5 . T-DNA detection 
5.1. Introduction 
In chapter 3, through some experiments using LiAc transformation 
method, I found that T-DNA was able to express its genes inside Trk1 
deletion cells. The GFP expression data showed that the expression rate of 
GFP gene in trk1 deletion mutant was similar to in WT and the percentage 
of cells that have gene expression was also similar. In addition, the VirD2 
localization data indicated that the ability of localization of VirD2 protein 
was not defective in trk1 deletion strain. So I suggested that the T-DNA 
still can localize normally into nucleus in trk1 mutant cells and gene 
expression was also unaffected. Therefore, to answer the fact that no 
transformant was detected from trk1 deletion strain in transformation by 
AMT method, I need to check the early stages of T-DNA transfer. It was 
thought that the trk1 deletion strain could not give transformant because it 
could not receipt T-DNA, or in other words, trk1 deletion strain was not 
susceptible for transformation. If the trk1 deletion strain could not receipt 
T-DNA, there would be no T-DNA can be detected inside trk1 mutant cells 
at early stages. By detecting the T-DNA inside yeast cells, we can compare 
the ability of uptaking T-DNA between WT and trk1 deletion strain and 




5.2. T-DNA detection by PCR method 
The first method was PCR-based method. The principle of this method 
is to detect the present of T-DNA in yeast cell cytoplasm by PCR with 
primers specific for gene on T-DNA. The protocol had been developed 
based on study on plant (Yusibov et al., 1994) and from former lab 
members, it was further modified in this study. The procedure was simple 
as normal AMT, the difference was in co-cultivation step, cell mixtures on 
CM plates were incubated for designed periods of time (2 hrs, 8 hrs) only. 
Then cells were harvested by using PBS and washed by sterile water and 
partially removed bacterial by centrifuged several times. Yeast cells were 
then treated by lyticase (10μl lyticase in 500μl lysis buffer, at 37oC for 30 
minutes) to lyses cell membrane. Yeast spheroplasts were then resuspended 
in PBS buffer and broken by gently passing through 27G syringe needles 1 
to 2 times. The cell lysate was then filtered by 0.2μm sterile filter-disks to 
remove cell debris, yeast nuclei and bacterial. The filtrate was used for 
PCR analysis with GFP primers (see list of primers).  
The PCR result was shown in Fig 5.1. There was no T-DNA detected 
at 2 hours time point in both WT and Trk1 mutant (lane 2 to 5). This result 
meant after two hours of co-cultivation, the T-DNA from A. tumefaciens 
had not entered yeast cells yet. As shown in Fig 5.1, after 8 hours of co-
cultivation, the T-DNA can be detected from both WT and Trk1 deletion 
strain (lane 7, 9). This was the evidence for the entering of T-DNA into 
cells of both strains. VirB is the component protein of T4SS transport 
system used by A. tumefaciens to deliver T-DNA complex into yeast cells 
(Gelvin et al., 2000). The VirB- bacterial strain could not form the 
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transport system and was unable to transfer T-DNA into yeast cells. I used 
VirB- strain here as a negative control, this strain carries the same plasmid 
as VirB+ strain but could not transfer T-DNA into yeast.  
 
 
Figure 5.1: T-DNA detection by PCR method in WT and Trk1 mutant 
strains. 
Yeast cells were collected after 2, 8 hours of co-cultivation. PCR was run using 
two primers GFP1, GFP2 (Chapter 2).  
 
There was no T-DNA detected from yeast transformed by VirB- strain 
(lane 2,4,6,8), this result indicated that the filtering step completely remove 
all bacterial from yeast lysate, thus the filtrate used for PCR was not 
contaminated with bacteria’s DNA or plasmid. That meant the T-DNA 
detected from yeast transformed by VirB+ strain was truly inside yeast 
cells. And T-DNA was detected from Trk1 deletion strain same as from 
WT. This result clearly showed that, there was T-DNA transferred into 
Trk1 deletion strain. However, we just can confirm the existence of Trk1 
deletion cell(s) that can receipt T-DNA. The number of cells that receipted 
T-DNA and the number of T-DNA transferred in each cells were still 
unclear. In spite of that, with this evidence, I might hypothesis that the 
ability of receipting T-DNA from A. tumefaciens of Trk1 deletion strain 
was not defected or the defection was on the number of cells that can 
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receipt T-DNA. Trk1 deletion cells might have low susceptibility for 
transformation but there were still a number of them that can receipt T-
DNA.  
In order to confirm the existence of Trk1 deletion cells that can receipt 
T-DNA and give more insight into the number of recipient cell, I used bio-
imaging approaches to observe the T-DNA inside yeast cells. 
5.3. Fluorescence In-situ Hybridization method 
FISH is the common method for detecting DNA and RNA, it is widely 
used in various studies of plants, animals. The method was first developed 
with yeast object aiming to detect mRNA by Long in 1995. The principles 
of the method is using labelled DNA probes to detect the occurrence of 
DNA/RNA sequences inside yeast cells and use auto-fluorescence antibody 
to detect the hybridization of probe and target DNA/RNA under 
microscopy. By using this method, we can observe the present of T-DNA 
inside yeast cells and quantify the number of T-DNA copies and recipient 
cells.  
5.3.1. FISH method 
Cells fixation 
Similar to PCR detection method, yeast cells were collected (using 
PBS buffer) after 8 hours of co-cultivation with A. tumefaciens. Yeast cells 
were then immediately fixed by paraformandehyde in 4oC for 1 hour. After 
fixing, yeast cells were washed several times (resuspended in PBS and 
centrifuge) to remove bacteria cells. Lyticase digestion was then applied for 
5-10 minutes at 37oC. Yeast cells were then resuspended in lysis buffer and 
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drop on poly-L-lysisne coated slides, slides were kept in 4oC for several 
hours so that yeast cells can attach to slide surface. After adhesion step, 
20μl of 0.5% SDS was added, and slides were placed for drying overnight 
(not over dried).  
Preparation of probes 
PCR with GFP primers was performed to obtain GFP fragments. After 
purification by PCR/Gel product purification kit from Invitrogen®, GFP 
fragments were labelled using DIG High Prime ™ DNA labelling kit 
(Roche Applied Science). The procedure was followed manufacturer 
manual. The labelled GFP fragments were then used as hybridization 
probes. 
In situ hybridization 
After drying overnight, slides were washed by 2xSSC solution and 
applied RNAse (100µg/ml RNase A in 2 x SCC) for 1 hour at 37oC for 
digestion. After digestion slides were washed twice by 2xSSC (5 mins 
each). 70%, 90% and 100% alcohol were orderly used to dehydrate slides.  
Hybridization mixture for each sample comprised of: 20μl 
hybridization mix (50% formamide, 10% dextran sulfate, 2X SCC); 2μl of 
carrier DNA (denatured at 95oC, 10 minutes); up to 50ng labelled probes. 
Hybridization mixture was then heated to 70oC for 10 minutes and 
immediately chilled on ice.  
Slides were heated to 80oC in 10 minutes before applied with 
hybridization mix. Slides were then covered by cover-slips and sealed by 
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parafilm to prevent evaporation. Slides were kept in humid box in 37oC 
incubator for 24 hours.  
Antibody binding 
After hybridization, the slides were washed once by formanmide-
2xSSC (1:1) solution for 15 minutes at 37oC; once by 2xSSC at 37oC, 15 
minutes; once by 2xSSC at RT, 15 minutes. Slides were then washed once 
by PBS in 5 minutes before blocking in 3% Bovine Albumin Serum (BSA) 
in PBS buffer for 1 hour at 37oC. Anti-Digoxigenine-Rhodomine antibody 
was prepared by dilution in 3%BSA with 1/100 ratio. After blocking, each 
slide was added with antibody and incubated in 37oC incubator for 1 hour. 
After incubation, the slides were washed 4 times by 2xSSC containing 
0.1% Tween 20 for 10 minutes each. DAPI staining was applied before 
dehydrating by alcohol series.  
Finally, the slides were mounted by Vetashield mounting medium, 
covered by coverslides, and observed under confocal microscopy Carl 












Yeast cells were 
collected after 8hrs 
of co-cultivation. 
Pictures was taken 
using laser confocal 
microscopy LSM 
510 Meta, objective 
100X 
Figure 5.2: T-DNA 
detection by FISH 
method in WT and 
Trk1 mutant strains. 
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5.3.2. Results and discussion 
As seen in Fig 5.2., T-DNA was detected (the red dots) in both WT 
and Trk1 deletion cells. All the T-DNA detected was seemed to be in 
cytoplasm of the cells. This observation was in agreement with previous 
detection by PCR method that after 8 hours of co-cultivation, the T-DNA 
was entered the yeast cell cytoplasm in both WT and Trk1 deletion strain. 
Moreover, by this method, we can count the number of cells that had T-
DNA. As shown in Table 5.1, the percentage of cells receipted T-DNA was 
not significantly different between WT and Trk1 mutant. This data 
suggested that the ability of being transferred of yeast cells was not 
defected by the deletion of trk1p. The trk1 deletion strain was as 
susceptible for T-DNA transfer as the WT. 
 
Table 5.1. Number of cells with T-DNA inside in WT and Trk1 deletion 
strains. 
 WT  Trk1-  
 No of 
cells  T-DNA %  
No of 
cells  T-DNA  %  
Batch 1  22 2 9.1 26 2 7.7 
Batch 2  16 2 12.5 23 3 13.0 





In Chapter 3, through some experiments that used LiAc transformation 
method, I suggested that, the defection of AMT was caused by deletion of 
Trk1p in early stages of transformation. Since the expression of gene on T-
DNA and the localization ability of VirD2 were not affected, the left-over 
possibilities might be on the entry stages of T-DNA. However, data from 
this experiment showed that T-DNA could transfer into trk1 deletion cells 
as normally as WT. The effect of trk1 deletion on AMT in the entry stage 
was still unclear. Maybe, if the statistic number had been more sufficient 
and more T-DNA had been detected within bigger cell number, the 
percentage of cells receipted T-DNA in WT and trk1 mutant would had 
changed. With the bigger data, we might see the more significant difference 
between WT and trk1 mutant and could draw some conclusion about the 
effect of trk1 deletion on AMT 
The efficiency of FISH detection method has been a big concern in my 
study. Since the assuming efficiency of hybridization was about 13%, the 
data had not so strong persuasion. Instead of that, I can partially trust the 
data because of the negative control (no T-DNA was detected from yeast 
transformed by VirB- bacteria strain (Fig 5.2). I had tried to use other 
probes that can detect common yeast DNA sequence (data not shown), 
however, the efficiency of the method itself was relatively low from 10 to 
20 percent. In other words, the probes (for common yeast sequence) could 
hybridize successfully in about 10 to 20 percent of cells.  
The protocol had encountered some problems and appeared as a low 
efficient method to detect T-DNA inside yeast cells. My lab members and I 
have modified some parameters to enhance the efficiency of the method, 
83 
 
however, we have not succeeded yet. The problems might be mainly in the 
hybridization ability of the probes and the T-DNA target. The used probes 
had quite long sequence about 300bp, it was worth for the specificity. 
However, long sequence could be a disadvantage for the probes in 
trafficking. Although the probes were lead by carrier DNA, it was still 
difficult for such a big DNA structure like them to traffic in the cytoplasm. 
In opposite, the target T-DNAs were not naked, they are protein-coated, 
and it caused an extreme difficulty for them in hybridization with the 
probes. The T-DNAs transferred in AMT method were VirE2 coated in T-
complex (Citovsky et al., 2007). We could not make sure about the status 
of the T-DNA inside the cytoplasm in this experiment. After 8 hours of co-
culitvation, the T-DNA was potentially uncoated or just partially uncoated. 
The T-DNA might have been uncoated completely or partially by the 
denaturing step (80oC in 10 minutes), however, it was still difficult for the 
probes to recognize the matching DNA sequence and hybridize to T-DNA. 
The other reason that leads to low number of T-DNA detected was the low 
transformation efficiency. The transformation efficiency of WT strain was 
assumed around 10-5, it meant that in about 100 000 cells input, there is 
only one cell that was successfully transformed. The actual number of cells 
that receipted T-DNA might be higher than the number of transformant 
detected because the fatality rate had reduced the number of cells receipted 
T-DNA. However, the frequency of cells receipted T-DNA was still 
relatively low. Therefore, together with the low efficiency of hybridization, 
the low frequency of cells receipted T-DNA has lowered down the number 
of T-DNA detected in the result.  
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In the future, to improve the method, we will use shorter probes of 
about 50bp and modify some parameters also. Another alternative is that 
we can target to the mRNA of one specific gene on T-DNA (e.g. GFP). 
Some researchers have performed a very high efficiency of detecting and 
counting mRNA in yeast cells (Zenklusen et al., 2008). With those new 
adaptations, we hope to enhance the efficiency of the method and give 
more insight about the percentage of cells that could receipt T-DNA.  
At least, through this experiment, we can see that the effect of trk1 
deletion on AMT was not so clear. The trk1 deletion strain still had the 
ability of receipting T-DNA and it was similar to the WT’s. This fact could 
be true, the deletion of trk1p might not influence AMT in the uptaking of 
T-DNA. It was hard to draw a conclusion here. The result from PCR 
detection method showed that Trk1 deletion strain could receipt T-DNA, 
the result from FISH detection showed that the number of cells receipted T-
DNA in Trk1 deletion strain was similar to the WT. Besides that, previous 
results from chapter 3 stated that the expression of genes on T-DNA inside 
yeast cells was normal in both strain and the nuclear-localization of VirD2 
protein was also not affected. So we have been still unclear about where the 
point that the deletion of trk1p caused damage to AMT was. It could be the 
defection of T-DNA trafficking inside the cytoplasm, or the reduction of 
number of T-DNA recipient cells. More efficient detection method is 
highly needed to give more insight about the number of cell that can receipt 
T-DNA in trk1 deletion strain. 
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5.4.    Conclusions 
Through this chapter, I have been able to detect the presence of T-
DNA inside Trk1 deletion mutant strain. By using both method, PCR and 
FISH, the T-DNAs transferred into Trk1 deletion strain were detected after 
the same time period and in the same number of cells with the WT. These 
data suggested that the T-DNAs were still able to be transferred normally 
into Trk1 deletion mutant cells. In other words, the Trk1 deletion strain was 
not defective in receipting T-DNA. These preliminary data would be useful 
for further detection method to verify the ability of receipting T-DNA of 




Chapter 6 . General conclusions and future research 
6.1. General conclusion 
Firstly, this study was verified an important role of a main component 
of potassium uptake system in yeast (Trk1p) in Agrobacterium-mediated 
transformation. There was no transformant detected from the Trk1 deletion 
strain and the introduction of Trk1 protein into this deletion strain could 
rescue the defect. These transformation data demonstrated that, Trk1 
transporter plays an essential role in making the transformation process 
successful. The transformation data from Trk1 interacting proteins also 
supported this demonstration. When the activities of Trk1 transporter was 
regulated positively or negatively, the transformation efficiency increased 
or decreased respectfully. Taken all together, I can conclude that Trk1, 
which is a high-affinity potassium uptake protein in yeast, plays an 
important role in regulating the Agrobacterium-mediated transformation 
process.  
The second finding is the relationship between the environment factors 
and Agrobacterium-mediated transformation process. Initially, the data 
from Tok1 (a potassium exporter in S. cerevisiae, acts oppositely to Trk1p) 
deletion mutant strain, which was reverse to the data from Trk1 deletion 
strain, suggested that potassium ion level might be a factor affecting 
transformation process. This suggestion was considerably verified by the 
transformation using medium with different potassium concentration. 
Moreover, the transformation data from different sodium level conditions 
also supported that suggestion. The transformation efficiency was varied in 
different sodium level and the potential cause was the changes of Na+/K+ 
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ratio inside the cells. In addition, this study showed that glucose-based 
medium was appearing as a preferred medium for Agrobacterium-mediated 
transformation. Glucose uptaking and metabolism activities were stated to 
be the indirect facilitator for potassium uptake. Therefore, these finding 
further demonstrated the importance of potassium ion level for 
Agrobacterium-mediated transformation process.  
The last finding was the normal ability in receipting T-DNA of Trk1 
deletion strain in early stages of Agrobacterium-mediated transformation 
process. In contrast with the defection in Agrobacterium-mediated 
transformation method, the Trk1 deletion strain expressed a normal (similar 
to WT) transformation efficiency in LiAc transformation process. Data 
from other experiments using LiAc transformation method also 
demonstrated that the gene(s) on transferred T-DNA was expressed 
normally (had similar pattern with the WT), the VirD2 proteins were still 
able to localize into mutant cell nucleus with the similar number of cells 
detected in the WT. By using two T-DNA detection method, I could 
confirm the present of transferred T-DNA in Trk1 deletion cells in early 
stages of transformation process. The number of cells detected with 
transferred T-DNA was similar in both strains, suggesting that the ability of 
receipting T-DNA was not defected in Trk1 deletion strain.  
With all those findings, we conclude that Trk1 potassium importer 
plays an important role in Agrobacterium-mediated transformation process. 
Since the effect was not on the ability of receipting T-DNA, we hypothesis 
that Trk1p might affect the transformation process via affecting the 
trafficking of T-DNA inside the cell cytoplasm. 
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6.2. Future study 
This study has successfully established the relationship between 
potassium transport and Agrobacterium-mediated transformation. Data 
from this study provided preliminary information for further studies to 
identify and confirm host and environment factors that affect 
transformation. With the finding of important role of Trk1 potassium 
importer in transformation process, further studies would investigate in the 
underlying mechanism. Based on the finding that Trk1 deletion strain was 
not disable in receipting T-DNA, future research would focus on how the 
transferred T-DNA traffic inside the cytoplasm, integrate to yeast genome, 
be expressed, and find out the cause of defection in transformation 
efficiency. Potassium transport in yeast and plant share many similarities in 
mechanism, regulation. Thus, the finding of how Trk1 potassium- importer 
together with the regulation of potassium-ion-level affect the 
Agrobacterium-mediated transformation process in yeast cells can help 
scientists in understanding the similar mechanism in plant cells or carrying 
out further researches. With the understanding of affecting factors, 
scientists can approach to the ability of manipulating and regulating the 
transformation process and outcome. Subsequently, the Agrobacterium-
mediated transformation will be the more effective method in gene and 
protein therapy.     
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